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I. SUMMARY 

Thermal barriers are under development to reduce the heat flux to the 

An coolant for a 5000-lb-thrust flox/propane regeneratively cooled chamber. 
analysis conducted to establish thermal and chemical environment for the 

2 thermal barriers revealed that thermal resistance of 1400 in. -sec-"F/Btu 
would be required with caating surface temperatures of 3000°F. 

exhaust-gas environment at the throat of the chamber on a volume basis was 

I 

The theoretical 

calcplated at 55.7% HF, 24.7% 60, 1.2% H2, 8.3% H, 0.1% C2F2, and 10% F for an 
engine operating at 100-psia chamber pressure and at a flox/propane mixture 
ratio of 4.5. Theoretical flame temperature was 7000°F. Based an the thermal 

and chemical environment and material properties W, No, A1203, and Zr02 were 
selected for the basic thermal barrier materials. 

Screening tests were made on the coatings in the laboratory using a 
plasma torch to simulate the thermal environment but not the chemical environ- 
ment of the flox/propane engine. The final tests consisted of exposing coated 
5-tube specimens to the exhaust stream of a floxlpropane rocket engine. 

the tests, the specimens were cooled similar to tubes in a regeneratively 
cooled chamber. The specimen was positioned in the exhaust stream to obtain 
exhaust gas species, gas velocities, and temperatures at the specimen surface 

similar to those at the throat. In addition, the specimen was positioned to 
obtain a minimum of air entrainment at the surface of the specimen. However, 
severe regression was obtained on the graphite shield (used to protect specimen 

water inlets) indicating that air entrainment occurred. This would make the 
chemical environment more severe than originally analyzed. 

During 

The regression rate of the coatings exposed to the flox/propane environ- 
ment varied with coating composition. The lowest regression rates occurred 
in coatings with flame liners containing 100% Mo, W, or ZrC/C. 
rates for these flame liners were 0.4 mils/sec, which is relatively high for 

thermal barrier Systems. 
the increased severity of the exhaust chemistry reacting with air entrainment. 

The regression 

This high regression rate is thought to be a result of 
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I, Summary (cont . )  

Regresssion rates increased  wi th  Z r O  o r  A1203 add i t ions  t o  t h e  flame 

l i n e r  of the coa t ing ,  However, t h e  b e s t  coa t ings  w e r e  ob ta ined  us ing  a c o w  

b i n a t i o n  of (1) 3 t o  5 mi ls  of Nichrome f o r  pr imer ,  (2) 10 m i l s  of 20%Ni-80% 

A1203 f o r  thermal r e s i s t a n c e ,  (3) 14 mils of 30% Mo-70% A1203 f o r  thermal  

r e s i s t a n c e ,  and (4) 15 t o  20 mils of W ,  Mo or,ZrC/C f o r  t h e  flame b a r r i e r .  

The dens i ty  of  t h e  plasma-sprayed tungs ten  coa t ings  which were less than 

t h e o r e t i c a l  were es t imated  t o  range from 75 t o  90%. 

f i r i n g s ,  a r eg res s ion  

75% dense Mo t o  0 r eg res s ion  i n  100% dense Mo. 

regress ion  r e s i s t a n c e  of t h e  flame l i n e r  should b e  s i g n i f i c a n t l y  improved 

by inc reas ing  t h e  dens i ty  t o  95% o r  g rea t e r .  

2 

I n  s o l i d  rocke t  motor 

rate of nozzle  i n s e r t s  decreased from 4 mils/sec f o r  

Based on t h i s  in format ion ,  
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11. INTRODUCTION 

Cooling limitations are reached in regeneratively cooled rocket engines 

when propellants are used which have poor cooling capabilities. For these 
situations, various supplementary schemes become of interest, such as film 

cooling or transpiration cooling. Thrust chambers, using high-energy pro- 
pellants such as fluorine, would require excessive film cooling to maintain 

reasonable gas-side temperatures with a substantial l o s s  in performance. The 
use of an insulating thermal barrier coating on the inner thrust chamber wall 
would reduce the heat flux to the coolant without a loss  in performance. 
Thermal barriers have been used successfully on conventional regeneratively 
cooled engines (the X-15 and Titan engines) for controlling the gas-side 
temperature and decreasing the heat flux to the coolant. 

The thermal barrier allows the use of regenerative cooling concept with 
a space-storable propellant combination such as flox/propane in a pressure-fed 
system. The objective of this program was to develop thermal barrier coatings 

for the inner walls of regeneratively cooled thrust chambers operating with 
flox/propane propellants. The thermal barriers were designed to reduce the 
heat flux to the coolant and still be compatible with the exhaust gas environ- 

ment of the engine. 

An analysis was conducted to establish the thermal and chemical environ- 
ment for the coating in a 5000-lb thrust engine. This information provided 
the basis for establishing the thermal resistance (thickness of the coating 

divided by the thermal conductivity of the coating) and the selection of 

the thermal barrier materials. 

The selected thermal barrier materials were applied to stainless-steel 
disks and tube specimens and evaluated in the laboratory for thermal resistance 
properties and thermal shock resistance. 

coated tube specimens in the exhaust of a flox/propane engine, which had been 
modified for use on this program. 

Final evaluation was made by placing 

The thermal and chemical analysis, the selection of materials, and the 

coating evaluation are summarized in this report. 
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I I I. BACKGROUND 

A. THERMAL BARRIER 
i 

I 

The earliest s i g n i f i c a n t  u se  of thermal b a r r i e r s  f o r  l i q u i d  fue l ed  

(L02/LNH3) rocke t  engines occurred i n  t h e  XLR-99 t h r u s t  chamber of t h e  X-15 

research  aircraft ,  O r i g i n a l l y  i n  t h e  X-15 program (1962), z i r c o n i a  w a s  flame 

sprayed on t h e  i n s i d e  diameter of t he  XLR-99 t h r u s t  chamber over  a Nichrome 

primer.  The purpose of t h e  thermal b a r r i e r  w a s  t o  reduce t h e  h e a t  f l u x  t o  t h e  

coo lan t ,  

Excessive coa t ing  loss  w a s  observed on t h e  XLR-99 chambers during 

s h o r t  ope ra t ions ,  which Smith and Wurst a t t r i b u t e d  t o  a combination of poor 

coa t ing  adherence and poor thermal shock r e s i s t a n c e  (Reference 1). 

t h e  poor performance , Plasmakote Corporat ion w a s  awarded a c o n t r a c t  (AF 33 (616)- 

7323) t o  develop thermal b a r r i e r  coa t ings  f o r  t h e  XLR-99 t h r u s t  chamber. The 

development program by Plasmakote revea led  t h a t  (1) molybdenum as a primer coat 

subs t a n t i a l l y  improved adherence and thermal shock r e s i s t a n c e  of t h e  coa t ing ,  

(2) minor v a r i a t i o n s  i n  t h e  percentage of m e t a l  i n  t h e  in te rmedia te  l a y e r s  of 

a graded ceramic had l i t t l e  e f f e c t  upon thermal shock r e s i s t a n c e ,  (3) two and 

Chree layered  graded systems performed w e l l ,  ( 4 )  topcoats  of T i N  and Z r H  were 

riot s a t i s f a c t o r y ,  and (5) thermal shock r e s i s t a n c e  of Nichrome-graded Z r O  w a s  

b e t t e r  than e i t h e r  t he  Mo o r  W graded coa t ings .  A s  a r e s u l t  of t h i s  work, t h e  

X-15 chamber w a s  prime coated wi th  Mo and topcoated wi th  Nichrome Z r O  mixtures .  

Because of 

2 

2 

2 

Since 1964 , thermal b a r r i e r s  have been i n v e s t i g a t e d  a t  Aero je t  

(References 2 and 3 ) ,  t o  develop metal-r ich cermets f o r  thermal b a r r i e r  l i n e r s  

€or  temperatures i n  the  range of 3000 t o  4000"F, w e l l  above t h e  melt ing p o i n t  

df Nichrome. Work w a s  concent ra ted  on developing adherent  , thermal shock 

r e s i s t a n c e  coa t ings  which w e r e  compatible wi th  t h e  combustion products of t h e  

engine.  
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111, A, Thermal Barrier (cont.) 

Adherence of the coating was improved, as evidenced by shear bond 
tests, by grit blasting the stainless-steel substrate surfaces to obtain surface 
finishes in the range of 250 to 300 microinches. 
primers (2 to 3 mils thick) such as nichrome, nickel aluminide, or molybdenum 
significantly improved coating adherence. 
with primers and roughened surfaces has been demonstrated by other investigators 
(References 4 and 5). 

In addition, the use of 

The improvement of bond adherence 

Thermal shock resistance of the coatings was improved by using 
relatively high metal contents for reinforcing the ceramic. The high metal 
content would be expected to result in higher thermal conductivity mixtures 

and thicker coatings. This would overshadow any thermal shock improvement. 

However, the increase in thermal conductivity of the cermet mixture is not as 
much as would be expected because of the relatively low density of the plasma 
spray coatings. 
Al 0 mixtures as compared with wrought Mo and A1 0 mixtures is shown in 
Figure 1. 
reinforced with metal for thermal shock resistance, while still maintaining 

reasonable thickness coatings, For example, the thickness of a sprayed mixture 
of 100% Mo would be about 0.050 in, to maintain a thermal resistance of 

The measured thermal conductivity of plasma sprayed Mo and 

2 3  2 3  
The difference in thermal conductivity resulted in sprayed mixtures 

2 200 in. sec "F/Btu (thickness/thermal conductivity) compared to 0.200 in. 
of wrought molybdenum for the same thermal resistances. 

The thermal shock resistance of the thermal barriers was also 

improved by using an intermediate coat between the primer and topcoat. 

intermediate consisted of ceramic and ductile metal such as nickel or nickel 
base alloys. 

to operate at a maximum temperature of 2000°F. 
operate from 2000°F to the designed surface temperature and to be compatible 

with the combustion products of the exhaust gas. 

The 

In the latter system, the nickel and ceramic mixture is designed 

The topcoat is designed to 
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111, A, Thermal Barrier (cont.) 

The thermal barrier must be compatible with the combustion gases 
at the coating operating temperature. A s  a consequence, both ceramic-rich 
and metal-rich coatings have been evaluated for flame liner service. 
ceramic rich coatings (A1 0 and ZrO ) provide excellent compatibility with 
oxidizing exhaust gases consisting primarily of water vapor and oxygen 
containing compounds. The metal-rich coatings (primarily W and Mo) generally 
provide less oxidation resistance but are more compatible than the oxides with 
exhaust gases containing fluorine compounds. The metal-rich coatings also 

provide more thermal shock resistances than the ceramic-rich coatings. Alloying 
of tungsten with rhenium or hafnium to improve oxidation resistancy was not 
successful (References 2 and 3 ) .  The use of additives of silicon or tungsten 
silicide has been more successful in Aerojet studies with significant increases 

in oxidation resistance. 

The 

2 3  2 

In summary, considerable improvements have been made in thermal 
barrier coatings since 1962. Coating adherence is improved significantly by 
using primer coatings of nichrome, nickel-aluminide, or molybdenum, along with 
substrate surface finishes in the range of 250 to 300 microinches. Thermal 
shock resistance was found to be improved by using metal-reinforced coatings 

including under layers of nickel alloy and ceramic mixtures. 
to the adherence and thermal shock resistance, oxidation resistance has been 
improved by designing the coating to be compatible with the thermal and chemical 
environment of the exhaust gases. 

In addition 

B .  MATERIAL COMPATIBILITY WITH FLUORINE GAS SPECIES AT HIGH TEMPERATURES 

The compatibility of refractory materials with fluorine gas species 
at high temperatures has been investigated by several investigators (References 
6 through 12). 

all of the high temperature materials react with free fluorine, with iridium 

These investigations conducted in the laboratory revealed that 
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111, B ,  Material Compatibi l i ty  w i t h  F luor ine  Gas Species  a t  High 
Temperatures (cont  . ) 

the  most r e s i s t a n t  a t  temperatures above 3500°F. Graphi te ,  tungs ten ,  and 

the  carb ides  were found t o  be compatible wi th  HF a t  h igh  temperature,  wi th  the  

ceramic oxides e x h i b i t i n g  decreas ing  compa t ib i l i t y .  

Thermodynamic c a l c u l a t i o n s  were repor ted  by Peters (Reference 8) 

on numerous materials, inc luding  g raph i t e ,  tungsten,  tantalum carb ide ,  hafnium 

n i t r i d e ,  t i t an ium carb ide ,  zirconium carb ide ,  zirconium bor ide ,  magnesium oxide,  

BF3, F2, H20, Hcl, CO and hafnium oxide.  Gas s p e c i e s  HF, LiF, A1F2, 

were used i n  t h e  c a l c u l a t i o n s  a t  temperatures from 2300 t o  8000°F. 

study showed t h a t  tungsten and g raph i t e  were gene ra l ly  the  most r e s i s t a n t  

materials t o  t h e  mentioned gas spec ie s ,  w i th  g raph i t e  b e s t  f o r  atmospheres 

conta in ing  f l u o r i n e  compounds and tungs ten  b e s t  f o r  atmospheres conta in ing  

oxygen and hydrogen. 

and CO 2' 
Peters'  

The i n i t i a l  l abo ra to ry  i n v e s t i g a t i o n s  of compa t ib i l i t y  of r e f r a c t o r y  

materials wi th  high-temperature f l u o r i n e  p rope l l an t  combustion species w a s  

repor ted  by Ebner (Reference 9) i n  1961. H e  eva lua ted  g raph i t e  ( C ) ,  s i l i c o n  

carb ide  ( S i c ) ,  z i r con  (ZrSiO ), alumina (A1  0 ), z i r c o n i a  (Zr02), and magnesia 

(MgO) a t  temperatures  of 2800°F t o  4000°F i n  a hydrogen-fluorine flame. Ebner 

repor ted  t h a t  g r a p h i t e  and S i c  had e x c e l l e n t  chemical compa t ib i l i t y ,  whi le  t he  

compat ib i l i ty  of t h e  o t h e r s  decreased i n  t h e  o rde r  presented  above. H e  a l s o  

found t h a t  t h e  rate of a b l a t i o n  w a s  about t h r e e  t i m e s  f a s t e r  i n  the  f luo r ine -  

r i c h  po r t ion  of t he  flame than  i n  the  well-mixed p a r t  of t h e  flame. 

4 2 3  

I n  labora tory  s t u d i e s  (Reference l o ) ,  tungs ten  and tantalum w e r e  

exposed t o  HF (99.5% pure wi th  max 0.04% H20) a t  temperatures  of 3000°F t o  

5000"F, and found t h a t  t h e  r e a c t i v i t y  of W w i t h  HF w a s  so  low it  could n o t  be 

r e l i a b l y  measured. However, T a  w a s  r e a c t i v e ,  having a s u r f a c e  r eces s ion  of 

0.00036 in . / s ec .  This  d a t a  concurs w i t h  Batche lor ,  et a l .  

a l s o  found tungsten t o  be compatible wi th  HF and H C 1  whi le  tantalum w a s  a t t acked  

by t h e s e  s a m e  gas spec ie s .  

(Reference 111, who 
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111, B y  Material Compatibility with Fluorine Gas Species at High 
Temperatures (cont.) 

Several carbides were also evaluated (Reference l o ) ,  in HF at - 
3000°F to 5000'F with NbC and TaC most reactive, Tic intermediate, and HfC and 

ZrC least reactive. All five carbides are considered resistant of HF at 
moderate temperatures, but corrosion rates increase a hundred-fold between 

4000°F and 5000°F. 

Hill and Rausch (Reference 121, exposed W, Ta, Ir, Re, Ir-33%Re, 
W-26%Re, and JTA graphite to fluorine-argon mixtures at temperatures of 3500°F 

to 5200°F. The results of these tests revealed that Ir and Ir-33%Re had the 
lowest corrosion rates, while Ta had the highest corrosion rate at a l l  tempera- 
tures. At temperatures of 3500°F, the material l o s s  for tungsten in a mixture 

of 6.5%F2 (by vol) and argon was 2.6 mils/min compared to 0.4 mils/min for Ir. 

The concensus of the data in available literature on compatibility 
of high temperature materials with F and HF is that all of the materials are 
attacked by free fluorine at temperatures in the range of 3000 to 5000°F, with 
iridium showing the best resistance. Data on the refractory material indicate 

that graphite, tungsten, and the carbides are compatible with HF while tantalum 
and the oxides ZrSi04, A1203, Zr02, and MgO are attacked. 
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IV . FATERIAL AND PROCESS SELECTION 

The s e l e c t i o n  of materials f o r  thermal b a r r i e r s  w a s  based on t h e  chemical 

and thermal environment and the  material p r o p e r t i e s ,  i nc lud ing  melt ing p o i n t ,  

chemical compa t ib i l i t y ,  thermal conduct iv i ty ,  and thermal expansion, I n  

add i t ion ,  cons idera t ion  w a s  given t o  the  compa t ib i l i t y  of t h e  metal wi th  the  

ceramic i n  the  thermal b a r r i e r  mixtures .  

The s e r v i c e  environment from the  thermal  b a r r i e r  i n  t h i s  program w a s  

based on a 5000-lb t h r u s t ,  r egene ra t ive ly  cooled (propane) engine,  ope ra t ing  

a t  100 p s i a  chamber p re s su re ,  using f l o x  (76 w t  % F2 and 24 w t  % 02), and 

propane (C H ) a t  a mixture  r a t i o  of 4 . 5 : l .  These parameters were used t o  

e s t a b l i s h  the  chemical and thermal environments f o r  t h e  thermal b a r r i e r  program. 
3 8  

A. CHEMICAL ENVIRONMENT 

The chemical environment f o r  thermal b a r r i e r s  w a s  e s t a b l i s h e d  i n  a 

computer by obta in ing  the  equi l ibr ium exhaust gas spec ie s  f o r  the  f lox/propane 

engine.  Exhaust spec ie s  were e s t a b l i s h e d  a t  mixture  r a t i o s  of 3, 3.5, 4,  4 .5 ,  

and 5 and a t  chamber pressures  of 100, 300, and 500 p s i .  The e f f e c t  of mixture 

r a t i o  on r e l a t i v e  volumes of gas species i s  shown i n  F igure  2 ,  and t h e  e f f e c t  

of area r a t i o  is shown i n  F igure  3. 

The gas spec ie s  a t  t h e  t h r o a t  a t  100 p s i  chamber p re s su re  and 

mixture r a t i o  of 4.5 are 55.7% HF, 24.7% CO, 1.2% H2,  8.3% H ,  0.1% C I: 
10% F. These exhaust gas spec ie s  w e r e  used as the  b a s i s  f o r  e s t a b l i s h i n g  and 

a n a l y t i c a l l y  c a l c u l a t i n g  t h e  chemical requirement f o r  t h e  thermal b a r r i e r  

and 
2 2'  

t 

coat ings .  

Page 10 



1.0 L I I I f I 

0.1 

0.05 
G 
0 

*rl 
4 
V 

F4 
z 
3 
22 - 0.01 m 
5 
.rl 
V 
5 
F4 

4 
m 
=1 

w 

0.005 

B 

0.001 

0.0005 

0.0001 

0.0000~ 

Mixture Rat io ,  o/F 

Figure 2 . Exhaust Species  vs Mixture Rat io  for (.76F2 .24 02)C3H~ a t  Throat  and 
Pc 100 ps i a .  

Page 11 



1.0 

0.5 

0.1 

0.05 

CO 

F 

0.001 

€ Throat 

0 1  2 3 4 5 6 7 10 
0.0001 

Area Ratio 

Figure 3 . Exhaust Species vs Area Ratio f o r  (. 76~, .24 O&C3H8 at a 
Mixture Ratio of 4.5 and Pc : 100 psia. 

Page 12 



ZV, Material and Process  Se lec t ion  (cont . )  

B.  THERMAL ANALYSIS 

The thermal a n a l y s i s  w a s  conducted t o  e s t a b l i s h  the  range of coa t ing  

thermal resistances requi red  f o r  t h e  propane, r egene ra t ive ly  cooled 5000-lb-thrust  

chamber. The a n a l y s i s  included t h e  e f f e c t s  of coolan t  (propane v e l o c i t y ) ,  

propane bulk temperatures ,  and tube s i z e  on coa t ing  resistance requirements.  

Addit ional  cons ide ra t ions  w e r e  coolan t  p re s su re  drop, minimum tube s i z e ,  coa t ing  

su r face  temperature,  and burnout h e a t  f l u x  of propane. 

Operating condi t ions  used f o r  t h e  a n a l y s i s  w e r e  100 t o  500 p s i a  

chamber p re s su re  and a f lox/propane mixture  r a t i o  of 4 . 5 .  Only t h e  fol lowing 

da ta  (Reference 13) on propane were a v a i l a b l e  f o r  v e l o c i t i e s ,  subcool ing,  and 

burnout hea t  f l ux .  

2 1. Propane Burnout Flux: 0.24  t o  0.90 Btu / in .  -sec 

2. Bulk p re s su re :  150 p s i a  

3. Bulk Temperature: 434 t o  535°F 

4 .  Veloci ty:  1 .5  t o  24.1 f t / s e c  

5 .  Subcooling: 0 t o  l l l ° F  

This da t a  w a s  used t o  c o r r e l a t e  t he  burnout hea t  f l u x  d a t a  wi th  v e l o c i t y  and 

subcooling f o r  convenience i n  t h e  a n a l y s i s .  The fol lowing equat ion w a s  used 

f o r  t he  c o r r e l a t i o n :  

1 / 2  
ATsub QlB0 = 0.35 + 0.001 v 

where 2 
= propane burnout h e a t  f l u x ,  Btu / in .  -sec @BO 

v = coolant  v e l o c i t y ,  f t / s e c  

ATsub = subcool ing temperature ( s a t u r a t i o n  temperature ,  
bu lk  temperature) ,  OF 
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IV, B, Thermal Analysis (cont.) 

The burnout correlation data is shown in Figure 4 .  Ninety-four 
percent of the data lie within - 4- 25% of the predicted flux. 
extrapolations were made beyond the correlated data range of coolant velocity 

subcooling. 

For the analysis, 

The throatlgas-side film coefficient and the recovery temperature 
used in this investigation are shown in Figure 5. 

calculated using a modified Bartz equation (Equation 3 ) .  

The film coefficient was 

where h = film coefficient 

CG = correlation constant 
Cp = specific heat 
Dc = chamber diameter 

1-1 = viscosity 
Pr = Prandtl number 
f = film condition 
WT = propellant flow rate 

A, = chamber area 
Ts = static temperature 

Tf = film temperature 

A c* or combustion efficiency of 97% was assumed for the calculations. 
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IV, B, Thermal Analysis (cont.) 

The coolant-side convective heat-transfer correlation derived by 
Hines (Reference 15) (Equation 4) was used for both water and propane coolants. 

o*oo5 5 0.8pr0.4 
B hL= Dh 

where % = coolant film coefficient 
5 = thermal conductivity of coolant 

Dh = hydraulic diameter 
Re = Reynold's number of coolant 
PrB = Prandtl number of coolant 

B 

The thermal analysis was made with the assumption that the entire 
converging-diverging nozzle was regeneratively cooled with propane. 
tube-wall temperature was found to be 300'F. 

the known burnout limits of the propane for practical coolant velocities. 

The uncoated 
However, the heat flux will exceed 

The effect of coating resistance on the minimum required coolant 

velocity* and the gas-side wall temperature for a 100 psia chamber pressure are 
shown in Figure 6 .  

required with velocities of 10 to 50 ft/sec, and coating temperatures of 
4200 to 4700°F. 
range, 
than the throat, even though the heat flux is lower in this region. This is 

due to the high bulk temperatures which decreases the subcooling and the propane 

burnout flux. 

A coating resistance of 3000 to 4000 in.2-sec"F/Btu is 

The coolant pressure drop is 100 psi or less for this velocity 
Inj ector-region cooling requires a greater coating resistance (Figure 6) 

*The minimum required coolant velocity is the transition from nucleate boiling 
to film boiling. 
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Page 18 



IV, By Thermal Analysis (cont.) 

Higher chamber pressure necessitated still larger coating resistances 
and higher coating temperatures to maintain the wall heat flux below the propane 
burnout flux. The required coating resistance and coating temperature range 
for 300 and 500 psia pressures are compared to the 100 psia requirements, as 
follows : 

Chamber Required Coating Maximum Coating 
Pressure, psi Resistance , in. 2-sec°F/Btu Temperature, "F 

10 0 3000 to 4000 4200 to 4700 
30 0 
500 

3800 to 5800 
4100 to 6300 

6000 to 6300 
6400 to 6700 

To cool the entire chamber, excessive thermal resistance and 
excessively thick barriers would be required to keep bulk temperature at a 
reasonable level. Therefore, another analysis was made assuming only the 
throat region extending 2-in. upstream and 2-in. downstream was regeneratively 
cooled. With this approach, realistic coating thickness would be used along 
with an ablative, heat sink, or radiation-cooled converging on diverging areas. 

Throat-region cooling permits the use of coatings with thermal 
resistance of about 1000 to 1500 in.2-secoF/Btu because the coolant velocity 
will be lower and the coolant velocity greater, resulting in a higher propane 

burnout flux. 
200, and 300 psia are shown in Figure 7 as a function of coating resistance, 

together with curves of constant coating temperature and pressure drop. 

The required coolant velocity for chamber pressures of 100, 

In Figure 7, an area was mapped out on the basis of coolant pressure 
drops of less than 90 psi, chamber pressures between 100 and 200 psia, and 
coating surface temperatures of 3000 to 4000°F. 

resistance ranged from 1200 in.20F/Btu to 1800 in. 2oF/Btu, which established 
the thermal resistance requirements for the coating. To maintain surface 

In this area, coating thermal 

Page 19 



a, 
0 
(d a 
0 
Fc 
pc 

150 

12 5 

100 

75 

50 

25 

Pressure Drop, psi 

Wall Temperature, OF 

--- 
--3 

1000 1500 2000 2500 0 500 
2 

Coating Thermal Resistance, in. -sec-O/Btu 

Figure 7. Coating Requirements for Propane Cooled Throat Region 
as Function of Coolant Velocity, Chamber Pressure, 
Pressure Drop, and Coating Surface Temperature. 

Page 20 



IV, B, Thermal Analysis (cont.) 

temperatures at 3000°F and chamber pressures of 100 psia, a thermal resistance 
of 1400 in. 2-secoF/Btu was selected for coatings. 

Maximum heat flux at the throat and coating surface temperatures as 

a function of thermal resistance are shown in Figure 8. 
thermal resistance of 1400 in. 2-secoF/Btu and surface temperature of 3000°F is 
2 Btu/in. -sec. This heating condition was selected for the plasma-arc heat 
source to simulate the throat conditions of a 100 psia flox/propane chamber. 

The heat flux for a 

2 

C . MATERIAL SELECTION 

The thermal barrier consists of a mixture of metal phase to provide 
high-temperature ductility and ceramic oxide to lower thermal conductivity. The 
concentration of the metal phase and ceramic oxide must be compromised to obtain 
a successful coating. With high concentrations of metal phase, thermal shock 
resistance increases. This may be offset by the increased coating thickness 
needed to provide thermal resistance. 

The physical and thermal properties of the dense materials with 
Thermodynamic calculations melting points above 3000°F are shown in Table I. 

were made with the candidate materials and the exhaust gas species using avail- 

able free-energy data (References 16, 17, and 18). The calculations were made 

with the assumption that complete equilibrium is reached and that the reaction 
occurred at 70 psia and at temperatures of 3000, 4000, and 5000°F. 
of these calculations are shown in Table 11. Positive numbers indicate that 
the reactions will not occur. 

The results 

The results of the thermodynamic analysis on the compatibility of 

the refractory metals with the exhaust gas species are summarized in Table 111. 
At 3000"F, all of the metals except Hf are compatible with HF, but all of the 
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TABLE I 

PROPERTIES OF PROSPECTIVE THERMAL BARRIER MATERIALS 

Thermal Conduct ivi ty ,  Thermal Expansion % Densi ty ,  

l b / € t 3  

1204 

638 

1405 

81 7 

1037 

Btu/hr/ft- 'F from Room Temperature t o  - 500°F 3000°F 4000°F 500°F 3000°F 4O0O6F 
Me1 t i n g  

Material P o i n t ,  O F  

Refrac tory  Metals 

60 
46 
-- 
-- 
47 
-- 

25 

45 
0.6 

3.42 

10 

0.8 

2.5 

1 .5  

1.0 

1 

W 6170 
Mo 4760 

Ir 4429 

Hf 4032 

Ta 5425 

R e  5740 

56 0.1 0.75 1.05 
40 0.15 1.1 1.6 

T -  0.16 1 . 5  -- 
- -  0.15 0.55(1800"F) -- 
49 0.25 1.3 1.8 

r C  1.1 -- - -  

73 

72 

84 

12.2 

35 

41 (RT) 

Graphi tes  

60 

130 
1.2 

Oxides 

12  

125 

0.95 

12  

2.7 

5 

0.9 

Graphi te  6600 (Sub) 108 
(Xolded) 

0 .1  0.5 0.9 20 

P y r o l y t i c  
a-Axis 6600 (Sub) 137 
b-Axis 

45 
0 , 5  

0.01 0.35 0.45 
0.2 4.5 5.5 

*l2*3 

Be0 

H f  O2 

MgO 
S i O p  

Tho2 

Zr02 

+ 3% CaO 

3630 250 

188 

604 

-- -- 0.2 1 . 5  

15  0.3 1.8 2.5 

-- 0.25 1 . 3  

4.0 0.25 2.4 3 
-- 0.002 1.75(1800°F) -- 

-- 
4540 

5260 

5070 

3110 

223 

165 

5910 624 -- 0.25 1 . 6  -- 
1 0.25 1 .7  -- 4700 360 

Carbides 

10 20 

1 9  20 

30 

28 22 

10 

50 6 

-- 

-- 

T I C  

TaC 

WC 

Z r C  

€If c 
sic 

5780 

7010 

4710 

6380 

7030 

4500 

307 

899 

985 

427 

792 

200 

20 
20 

32 

25 

L 4 
-- 

0.2 1.2 

0.2 0.8 

0 .1  0.8 

0.25 1 .2  

0.15 1.1 

0.2 1 . 0  

1 .9  

1 .2  

1 . 3  

1.9 

1 . 5  

1 .5  

N i t r i d e s  
15  1 0  

5 1 5  

BN 

TaN 

4990 

5594 

141 

900 
9 

20 

0.1 2+ 

0 .1  0.7 

- -  
1 

Borides  

23 -- T i B 2  5320 

Z r B 2  5500 

281 

380 

28 

1 7  

0.2 1 . 2  1 . 8  

0.2 0.9 1.3 24 12  
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TABLE I1 ___. 

FREE EVERGY OF REACTIONS FOR MATERIALS EXPOSED TO 
EXHAUST OF FLOX/PROPANE AT 70 PSIA AT THREE TEMPERATUWS 

FREE EXERGY OF REACTION, AF, kcal-nola-’ AT 70 PSIA 

Wall Temperature 3000°F 4000°F 5000°F 
Gas Spec ies  Reac t ing  HP CO H F C2F2 IIF CO H F C2F2 HF CO H P C2P2 

_c 

METALS: 

W + 6HF = WF6 + 3H 

4W + 3CO = 3WC + W 0 3  

2w + 2co = w2c + co2 
W + H = No Reaccion 

W + 6F = WF6 

7W + 3C2F2 = 6WC + WF6 
’ 

100 137 16 6 
66 15 2 WC,d 

20 4 1  86 

-266 -1go -108 

-461 -214 WC,d 

59 

-4 

90 

18 
Mo + 6HF = MoF 

Mo + 2CO = MoC + C02  

Mo + H = No React ion  

Mo + 6F = MoF6 

Mo + C2F2 = MoC +MOP 

+ 3H2 6 

6 

116 
37 

-285 

-102 

-240 

-49 

-221 
-8 

388 

219 

Ir + 6HF = I r F  + 3H2 349 

Ir + 2CO = I r O Z  (UNSTABLE) + 2C 
6 

109 

Ir + H = No Reaction 

Ir + 6F = I r F 6  

Ir + C2F2 = I rF6  + 2C 

371 

186 

-17 

29 

54 

61 

114 

87 

Hf + 4HF = HfF4 + 2H2 

3Hf + 2CO = Hf02 + 2HfC 

Hf + H = Reacts 
Hf + 4F = HfF4 

Hf + 2C2F2 = HfF4 + 4HfC 

-108 

-27 

-88 

16 

-73 

35 

-352 

-396 
-256 

-297 

-299 

-340 

2Ta + lOHF = 2TaF5 + 5H2 

Ta + 2CO = TaC + CO 

Ta + H = Reacts 

Ta + 5F = TaF 

1 2  Ta + 5C2F2 = 10 TaC + 2 TaF 

2 

5 

5 

250 

-3  

467 

19 
622 

31 

-180 

-410 

-30 

-158 

10 2 

-108 

2 S i  + 4HF = SiF4 + 2H 

3 S I  + 2co = 2 s i c  + sio2 
S i  + H = Reacts 

S i  + 4F = SiF4 

551 + 2C2F2 = 4SiC + S i p 4  

-57 

-46 
-35 -14 

+5 5 +13 

-301 
-245 

-246 

-189 

-197 

-150’ 

OXIDES: 

A1203 + hHF = 2A1F3 + 3 H20 
A1203 + 6H = 2A1 -1- 3H20 

29 

-29 

2A1203 + 12F = 4AlF3 + 302 

2A1 0 

-452 

+ 3C2F2 = 2A1F3 + 6CO + 2A1 -168 2 3  

34 , 4 3  

10 18 
-392 -427 

-273 -365 

-71 

20 2 
- 14 

-241 

-220 

Zr02 + 4HF = ZrF4 + 2H20 

2Zr02 + 2CO = 2ZrC + 302 

Zr02 + 2H = Zr + H20 

Z r 0 2  + 4F = ZrF + 0 4 2  
Zr02 + 2C2F2 = ZrF4 + C02 + 3C 

-39 -8 

228 253 

11 3 1  

-190 -146 

-188 -162 

HfO + 4HF =‘HEY4 + 2H20 

2Hf02 + 2CO = 2HfC + 302 

Hf02 + 4H = Hf + 2H20 

Hf02 + 4F = HfF4 + O2 

Hf02 + 2C2F2 = HfP4 + C02 + 3C 

2 -105 -73 

125 169 
-121 -72 

-279 -226 

-248 -224 

-47 

115 

-55 

-185 

-201 
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TABLE I1 (con t . )  

FREE ENERGY OF REACTION, AF, kcal-mole-' AT 70 PSIA 
Wall Temperature  3000'F 4000'F 5000'F ' 

Gas Spec ie s  Reac t ing  HF CO H F C2F2 HF CO H. F C2F2 €IF CO H F C2F2 

OXIDES (emf.) 

S i 0  + 4HF = S i F  + 2H 0 

2Si02 + 2CO = 2SiC + 302 

S i 0  + 4H = S i  + 2H20 

SiOz T 4F = SiF4 + O2 

S i 0 2  + 2C F 2 2  

2 4 2  

2 

= SiF4 + C02  + 3 C  

11 

380 
84 

-165 

-138 

23 

360 

-21 

-138 

-128 

36 

341 

-5 

-111 
-118 

BOnIDES : 

ZrB + 8HF = ZrF4 + 2BF2 + 4H2 

Z r B Z  T 3CO = Z r C  + B203 + 2C 

ZrB + 6ii = Zr + B2H6 

ZrBz T 4F = ZrF4 + 2B 

ZrBZ + 2C2F2 = ZrF4 + 4C + 2B 

2 

2 

-31 

1 6  

-21 

-255 

-139 

-25 

70 

52 

-210 

-113 

-17 

120 
10 7 

-172 

-93 

-5 

5 1  

3 

123  

94 

-152 

-73 

TiB2 + 8HF = TiF  + 2BF + 4H2 

TiB 

TiB2 + GH = T i  + B H 2 6  
TiB + 4F = TiF + 2B 2 4 
TiB + 2C F = T i F  + 4C + 2B 2 2 2  4 

4 2  
+ 3CO = T i c  + B203  + 2C 2 

-11 

9 

-32 

-235 

40 

-190 

-9 3 -119 

CARBIDES : 

T i c  + 4HF = TiF4 + CH4 

TIC + 2CO = Ti02 + 3C 

T i c  + AH = T i  + CH4 

TIC + 4F = TiF4 + C 

TIC + 2C2F2 = TiF4 + 5 C  

8 

78 

-60 

39 62 

97 111 

-51 19  
-2OY -108 

-112 -87 

-256 

-142 

425 

128 146 

-53 20 

-47 122 

4 137 

250 472 

TaC + 5HF = TaF5 + CH4 + H 

TaC + 2CO = TaOZ + 3C 

TaC + 4H = Ta + CH4 

TaC + 5F + 4H = TaF5 + CH4 

TaC + 5F = TaF5 + C 

2TaC + 5C2F2 = 2TaF5 + 12C 

211  

108 

-64 

329 

-244 

-98 

-2 

132 

106 

-142 

-256 

-50 

63  

192 

-41 

-170 

-9 

WC-decomposes 

WC-d 

WC-d 

WC-d 

WC-d 

WC + 6HF = WF 

WC + 3CO = W 0 3  + 3C 

WC + 4H = W + CH4 

WC + 6F = WF6 + C 

WC + 3C2F2 = WF6 + 7C 

+ CH4 + H2 6 

ZrC + 4HF = ZrF4 + CH4 

Z r C  + 2CO = Zr02 + 3C 

Z r C  + 4H = Zr + CH4 

ZrC + 4F = ZrF4 + C 

ZrC + 2C2F2 = ZrF4 + 5C 

-19 , 

8 2  

-56 

10 
10 1 

-11 
-238 

-143 

32 

116 

22 

-285 

-169 

-194 

-107 

HfC + 4HF = HfF4 + CH4 

HfC + 2CO = HfF4 + 3C 

HfC + 4H = Hf + CH4 

HfC + 4F = HfF4 + C 

HfC + 2C2F2 = HfF4 + 5 C  

-46 

9 3  

-68 

-312 

-196 

-21 4 

125  

13 

-224 

-147 

10 6 
-21 

-269 

-172 

CARBON: 

C + HF = CF4 + 2H2 

C + 4H = CH4 

C + 4F = CFL 

175  

-15 

-36 

128 

-98 

153 

-51 
-81 -134 
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TABLE I11 

COMPATIBILITY OF REFRACTORY METALS WITH 
FLOX/PROPANE EXHAUST GAS SPECIES 

(1) Compatibility at 3000'F and 70 psia that is based 
Material on Free Energy Calculations 

co C2F2 - F - H - - HF - 

W NR NR NR R R 

Mo NR R NR R R 

Ir NR NR -- R NR 

Hf  R R c- R R 

Ta NR R R R -- 

-- C NR R R -- 

(1) NR = Reaction not probable 
R = Reaction probable 
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IV, C, Material Selection (cont.) 

metals react with F W and Ir are compatible with 60. Carbon is compatible 

with HF but reacts with both H and F. 
2' 

The results of thermodynamic analysis on the compatibility of the 
ceramic materials with the exhaust gas species at 3000'F are summarized in 

Table IV. The ceramic materials are compatible with 60 but are generally not 
compatible with the fluorine gas species or hydrogen. 
not expected to react with HF. 

Only A1 0 and Si02 are 2 3  

In addition to the free energy analysis, calculations were made to 
establish the extent of reactions that occur when the candidate material is 
exposed to all of the species in the exhaust gas. This method, originated by 
Gordon and Boerlin (Reference 19), assumes that the material is in complete 
thermodynamic equilibrium with the exhaust species at a particular temperature 
and pressure. Consideration is not given to physical surface regression 
phenomena, such as thermal shock and liquid runoff. All probable reactions of 
the candidate material and species are considered and involves simultaneous 

solution of equilibrium constant equations under adiabatic conditions. The 
results provide the amount of the candidate material that entered into the 
reaction with the combustion products. This method is used to calculate 
theoretical compositions of propellant exhaust gases and is programed on the 
I B M  7094. 

The candidate materials along with the exhaust gas species were 
programed to estimate the amount of wall material expected to react with the 
exhaust gas. An excess of the candidate wall material was used so that the 
reactions would theoretically continue until equilibrium was reached. Since 
the computer program was set up to establish theoretical chemical compositions 
of propellant exhaust gases, the data on Ir, H f ,  Ta, Tic, ZrC, TiB ZrB were 

not in the computer program. 
2'  2 
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TABLE IV 

Mater ial 

A1203 

Zr02 

Hf O2 

Si02 

ZrB2 

2 TiB 

COMPATIBILITY OF CERAMICS WITH 
FLOX/PROPANE EXHAUST GAS SPECIES 

(1) 

C2F2 

Compatibility at 3000°F and 70 p s i a  that is based 
on Free Energy Calculations 

- F - H - co - HF 
_. 

NR NR R R R 
n 

R NR R R R 

R NR R R R 

NR NR NR R R 

R 

R 

(1) NR i: Reaction not probable 
R = ReactiQn probable 

NR R 

NR R 

R R 

R R 

c 
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I V ,  C y  Material S e l e c t i o n  (cont . )  

The materials W, WC, Mo, Zr02, S i02 ,  and A 1  0 w e r e  programed wi th  2 3  
the  gas spec ies  from t h e  t h r o a t  exhaust  products  of mixture  r a t i o  4.5 (55.7% HF; 

24.7% CO; 1.2% H 2 ,  8.3% H; 0.1% C2F2; and 10% F). 

programed wi th  a 10.1 moles of w a l l  material. 

One mole of exhaust gas was 

The r e s u l t s  shown i n  Table V i n d i c a t e  t h a t  W ,  WC, and Mo w a l l  

materials would not  react wi th  t h e  exhaust spec ie s  a t  3000, 4000, and 5000"F, 

and the  A1203, S i 0 2 ,  and Z r O  would react w i t h  the  f l u o r i n e  compounds. 2 

On t h e  b a s i s  of t h e  p r o p e r t i e s  of t he  candida te  materials, inc luding  

the  thermodynamic c a l c u l a t i o n s  of chemical r e a c t i o n  wi th  the  exhaust gas spec ie s  

and the  l i t e r a t u r e  on compa t ib i l i t y  of materials wi th  exhaust gases  conta in ing  

f l u o r i n e ,  s e v e r a l  thermal b a r r i e r  compositions w e r e  s e l e c t e d .  

Tungsten and molybdenum w e r e  s e l e c t e d  f o r  t h e  m e t a l l i c  base of t h e  

coa t ing ,  because of t h e i r  high melt ing temperature  and compa t ib i l i t y  wi th  the  

exhaust gas spec ie s .  The thermal conduct iv i ty  of t h e s e  metals i s  too  high t o  

provide coa t ings  wi th  reasonable  th i cknesses ,  so t h e  thermal conduct iv i ty  must 

be lowered by t h e  a d d i t i o n  of ceramic material. Alumina and z i r c o n i a  were 

s e l e c t e d  because of t h e i r  high temperature compa t ib i l i t y  and p a s t  performance 

as thermal b a r r i e r  materials. 

Gradated coa t ings  w e r e  a l s o  s e l e c t e d  t o  improve thermal shock 

r e s i s t a n c e  of t h e  coa t ing  and t o  provide r e l a t i v e l y  th inne r  coa t ings .  

Nichrome-ZrO mixtures  and N i - A 1  0 mixtures  w e r e  s e l e c t e d  t o  provide the  thermal 

r e s i s t a n c e  i n  undercoats  wi th  topcoats  of pure  Mo o r  W t o  provide compa t ib i l i t y  

wi th  the  exhaust gas stream. The use  of t h e  nichrome and n i c k e l  mixtures w e r e  

s e l e c t e d  t o  ope ra t e  a t  a maximum temperature  of 2000°F. 

2 2 3  
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TABLE V 

REACTION PRODUCTS FROM COJ9PUTER PROGRAM MADE WITH THE ASSUMPTION 
THAT COMBUSTION GASES (MR 4.5) AND CANDIDATE MATERIALS REACH EQUILIBRIUM 

Material 

W 

W 

W 

wc 

wc 

wc 

Mo 

Mo 

Mo 

A1203 

A1203 

A1203 

Zr02 

Zr02 

Zr02 

s io2  

sio2 

sio2 

React ion 
Temperature, 

OF 

3000 

4000 

5000 

3000 

4000 

5000 

3000 

4000 

5000 

3000 

4000 

5000 

3000 

4000 

5000 

3000 

4000 

5000 

Wall Material Reaction Product,  Moles 

None 

None 

None 

None 

None 

None 

None 

None 

None 

A1F3 - 0.283 

A1F2 0.0001, A1F3 0,0385, AlOF 0,0078 

AlF 0.0011, A1F2 0.0024, A1F3 0.0262, 
AlOF 0.1037 

ZrF4 0.0406 

ZrP 0.0023, ZrF4 0.0388 

ZrF3 0.0100, ZrF 0.0351 

SiF3 0.0052, SiF4 0.0773 

SiF2 0.0008, SiF3 0.0326, SiF4 0.0374, 
S i0  0.0028 

3 

4 

SiF2 0.0038, SiF3 0.0454, SiF4 0.0141, 
S i0  0.0900, Si02 0.0076 
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IV, C, Material Selection (cont.) 

In addition to the thermal barrier materials, nichrome was used as 
a primer because of the success in using it in past programs, and because of 

the compatibility of nickel and nickel alloys with fluorine gas species. 
(Reference 20) 

D . METAL-CERAMIC MIXTURES 

The refractory metal and ceramic oxides must be compatible at the 

3000°F surface temperature both chemically and mechanically (expansion), and the 
thermal resistance of the mixtures must be known to select the coating thickness. 

1. Compatibility of Refractory Metals and Ceramics 

Available data on the reactivity of the refractory metals with 
ceramics indicate that W is compatible with ZrO and A1 0 above the melting 
point of the ceramic (Reference 21). Krier (Reference 22) revealed that A1 0 

and Zr02 did not react with molybdenum at a temperature of 3272'F. 
above this temperature was not disclosed, but it is estimated to be above 4000°F 

on the basis of the similarity of W and Mo. 

2 2 3  
2 3  

Compatibility 

2. Thermal Expansion 

The thermal expansion of dense tungsten, molybdenum, and Zr02 
and A1 0 

low compared to the ceramics and nichrome. Mixtures of the ceramics in the 

metal enhance compatibility with the stainless-steel substrate. 
ous program, the W-Mo and ceramic mixtures were not adversely affected by the 
difference in expansion as long as sufficient cooling was used to maintain a 

tube wall interface temperature of 1600°F. 

are shown schematically in Figure 9. The expansion of W and Mo are 2 3  

In the previ- 
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Figure 9. Thermal Expansion of Candidate Materials 



IY, D ,  Metal-Ceramic Mixtures (cont  . 

3.  Thermal Resistance 

The thermal resistance of t h e  coa t ing  is  t h e  th ickness / thermal  

conduct iv i ty .  

lower than wrought material because of t h e  d i f f e r e n c e  i n  dens i ty  shown i n  

F igure  1. 

Zr02 and W o r  Mo wi th  A 1  0 

th ickness  and composition. The thermal conduct iv i ty  of these  coa t ing  mixtures  

were obtained i n  previous programs i n  t h e  l abora to ry  us ing  a procedure which 

w i l l  be descr ibed  i n  t h e  eva lua t ion  s e c t i o n  of the  r e p o r t .  

The thermal  conduct iv i ty  of sprayed materials is  considerably 

The thermal resistance of sprayed mixtures  of e i t h e r  W o r  Mo wi th  

are shown i n  F igures  10 and 11 as a func t ion  of 2 3  

The thermal  

conduct iv i ty  of t h e  depos i ted  material is gene ra l ly  less than 40% (see 

Figure 1 )  of handbook va lues  and is  a func t ion  of t h e  dens i ty  of t h e  coa t ing .  

E. PROCESS SELECTION 

Plasma-arc depos i t i on  w a s  s e l e c t e d  a t  t h e  start of the program 

because of i t s  success fu l  u se  i n  applying thermal b a r r i e r s  on previous programs. 

Plasma-arc depos i t i on  has  been used t o  apply a v a r i e t y  of composites,  

inc luding  mixtures  of r e f r a c t o r y  metals and ceramics. The technique is f a s t ,  

versatile, and can be d i r e c t l y  appl ied  t o  t h e  i n s i d e  diameter  of a chamber in 

c l o s e  to l e rances .  

by the arc plasma, 

the carrier gas i n  t h e  plasma can be ad jus t ed  t o  n e u t r a l  or  reducing. 

produced by spraying are less dense than  pressed and s i n t e r e d  s t r u c t u r e .  

of the reduced dens i ty ,  sprayed coa t ings  have lower thermal conduct iv i ty  and 

r e s u l t  i n  t h inne r  coa t ings  than  wrought material f o r  a given thermal r e s i s t a n c e .  

The disadvantage of plasma spraying is t h a t  i t  is r e s t r i c t e d  t o  s u b s t r a t e s  of 

simple,  r egu la r  shapes because correrage can only be achieved along t h e  l ine of 

s i g h t  t o  t h e  spray gun. 

A material t h a t  w i l l  m e l t  wi thout  decomposition can be sprayed 

I n  a d d i t i o n ,  oxygen s e n s i t i v e  material can be sprayed s i n c e  

Coatings 

Because 
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V. EXPERIMENT AT., PROCEDURES 

A. SPECIMEN PREPARATION 

Two types of specimens w e r e  used i n  t h e  t e s t i n g  of t h e  thermal 

b a r r i e r  -- a d i s k  coupon, and a f ive- tube  i n t e r n a l l y  cooled specimen shown i n  

F igure  12. Both t h e  d i s k  specimens and t h e  5--tube specimens were eva lua ted  i n  

t h e  labora tory  and t h e  5-tube specimen w a s  eva lua ted  i n  t h e  exhaust stream of 

f lox/propane combustors. 

The d i s k  specimen w a s  used f o r  inexpensive screening  of candida te  

coa t ings  t o  narrow t h e  f i e l d  of promising coa t ing  specimens f o r  f i n a l  evalua- 

t i o n  wi th  t h e  more expensive 5-tube specimen. 

by plasma to rch  spraying a candida te  coa t ing  on a s t a i n l e s s - s t e e l  d i s k  

(0.025-in. t h i c k  x 3.25-in. d i a ) .  The d i s k s  were f i r s t  g r i t - b l a s t e d  on one 

su r face  us ing  24-mesh s i l i c o n  carb ide  g r i t  t o  produce a 250 t o  300 RMS micro- 

inch  su r face  roughness. 

sh ie lded  from t h e  g r i t  b l a s t  t o  provide a s e a l i n g  s u r f a c e  f o r  O-rings when 

the  d i s k  is i n s t a l l e d  i n  a water-cooled holding f i x t u r e .  

The d i s k  specimens w e r e  prepared 

A 0.25-in.-wide r i n g  a t  t h e  per imeter  of t h e  d i s k  w a s  

Af te r  g r i t - b l a s t i n g  t h e  d i s k s  were plasma-spray coated us ing  a 

35 kw plasma t o r c h  (Model 57, TAFA Divis ion ,  Humphreys Corp.) ,  a powder f eede r  

(Sylvester  Corp. Mark IX),  and specimen-posit ioning f i x t u r e .  

The plasma t o r c h  w a s  mounted h o r i z o n t a l l y  on a screw-driven 

t r ave r s ing  head t o  permit  lateral traverse ac ross  t h e  specimen f a c e  a t  a 

programed speed of 12 in./min. 

feeder .  The feed rate varies w i t h  t h e  type of powder o r  mixture  being spraye-d, 

and t h e  th ickness  of depos i t  requi red .  The feed rate w a s  regula ted  by t h e  feed  

screw on t h e  powder feeder .  

the spray cone and spray impingement area t o  exclude a i r  from t h e  test specimen 

ho t  su r face .  

The powder w a s  f e d  through t h e  Mark I X  powder 

A s h i e l d  of argon gas w a s  a l s o  maintained around 
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V ,  A ,  Specimen P repa ra t ion  (cont . )  

The d i s k  test specimen and 5-tube specimen w e r e  held i n  a frame 

t h a t  w a s  mechanically o s c i l l a t e d  v e r t i c a l l y  i n  f r o n t  of t h e  to rch  a t  a pre- 

determined o s c i l l a t i o n  rate and amplitude (specimen s u r f a c e  speed -- 300 i n . /  

min). During depos i t i on ,  cool ing  water w a s  pumped through the  specimen 

holder  (d i sk  specimen) o r  specimen tubes.  The depos i t i on  rate of the  plasma 

sprayed coa t ings  w a s  about 2 m i l s  /pass .  

B .  LABORATORY DISK AND 5-TUBE PLASMA TESTS 

The equipment f o r  thermal shock t e s t i n g  of thermal b a r r i e r  coa t ings  

on d i s k  specimens and on 5-tube specimens w a s  s imilar  t o  t h a t  used f o r  spraying.  

One d i f f e rence  w a s  the  a d d i t i o n  of a s p e c i a l l y  designed test bench f o r  

cyc l ing  specimens i n  the  plasma to rch  flame under c o n t r o l l e d  h e a t  f l u x  

condi t ions .  The to rch  generated h e a t  f l u x  w a s  measured wi th  a water-cooled 

ca lor imeter  and the  specimen flame s u r f a c e  temperature  w a s  cont inuously 

measured wi th  a recording pyrometer. 

through flowmeters. Specimen ho lde r s ,  ca lo r ime te r  and to rch  w e r e  cooled by 

a high-pressure water system. 

h e a t  f l uxes  of approximately 2 . 4  Btu/ in .  -sec-'F, t h e  va lues  e s t a b l i s h e d  i n  
h e a t  t r a n s f e r  ana lys i s .  

Plasma gases  were supp l i ed  t o  t h e  to rch  

The d i s k  and 5-tube specimens w e r e  t e s t e d  wi th  
2 

Distance of t h e  gun nozzle  from t h e  specimens o r  ca lo r ime te r  w a s  

ad jus ted  t o  ob ta in  the  h e a t  f l u x  requi red  a t  the  specimen su r face .  The plasma 

flame carrier gas w a s  n i t r o g e n  wi th  argon gas introduced j u s t  downstream of 

t he  nozzle  t o  provide an i n e r t  gas s h i e l d  over  t he  flame impingement area. 

The h e a t  f l u x  a t  t h e  specimen s u r f a c e  w a s  measured wi th  a water- 
2 cooled c i r c u l a r  f o i l  ca lo r ime te r .  The des i r ed  h e a t  f l u x  ( 2 . 4  Btu/ in .  -sec-OF) 

f o r  a p a r t i c u l a r  test series w a s  e s t a b l i s h e d  by a d j u s t i n g  t h e  nozz le  t o  

ca lor imeter  d i s t ance  and r e g u l a t i n g  t h e  power inpu t .  
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V, €3, Laboratory Disk and 5-Tube P l a s m a  T e s t s  (cont . )  

T e s t  specimens w e r e  mounted on e i t h e r  s i d e  of t he  ca lo r ime te r  on 

a r o t a t i n g  head w i t h  h o t  s u r f a c e s  a t  t h e  same d i s t a n c e  from t h e  nozz le .  

Manual r o t a t i o n  of the  hold ing  f i x t u r e  p r e s e n t s  e i t h e r  t es t  specimen o r  the 

ca lo r ime te r  i n  t u r n  t o  t h e  plasma t o r c h  flame. T h i s  ensured t h a t  t h e  specimens 

w e r e  exposed t o  t h e  same h e a t  f l u x  as measured by t h e  ca lo r ime te r .  

ca lo r ime te r  and specimens w e r e  cooled by high-pressure (150 ps ig )  , high- 

v e l o c i t y  water flow. 

The 

Coating s u r f a c e  temperature w a s  cont inuous ly  recorded dur ing  flame 

exposure w i t h  a Pyro-650 record ing  pyrometer (Instrument Development Labora to r i e s ,  

I n c . ) .  

ment area on t h e  specimen be fo re  each test .  

The pyrometer w a s  a l i gned  t o  view t h e  c e n t e r  of t h e  p l a sma  flame impinge- 

The cond i t ion  of t h e  coa t ings  dur ing  flame exposure w a s  observed 

by d i r e c t  v i s i o n  t o  d e t e c t  mel t ing ,  c racking ,  o r  s p a l l i n g .  Following thermal 

shock t e s t i n g ,  a f u r t h e r  v i s u a l  examination under 40X magnif ica t ion  w a s  made 

of t he  coa t ings .  

The thermal r e s i s t a n c e  of t h e  coa t ings  w a s  c a l c u l a t e d  by us ing  

the  gas-side s u r f a c e  temperature from a Pyro-650 o p t i c a l  pyrometer and h e a t  

f l u x  measurement from t h e  water-cooled copper ca lo r ime te r .  A water s i d e  t e m -  

p e r a t u r e  of 350°F w a s  used which w a s  t h e  s a t u r a t i o n  temperature f o r  150 p s i  

p re s su re  water. The c a l c u l a t i o n s  w e r e  based on t h e  equation: 

T (gas-side temperature) - T (water-side temperature) 2 
t /  ( s t a i n l e s s  s t e e l )  + t /  (coa t ing)  Q/A (hea t  f l u x )  = 

K K 

where t = t h i ckness  and K = thermal conduc t iv i ty  

The accuracy of t h i s  method w a s  a sce r t a ined  by comparing t h e  

thermal conduc t iv i ty  of similar coa t ings  made by t h e  above method and by the  
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V,  E ,  Laboratory Disk and 5-Tube Plasma Tests (cont . )  

f l a s h  method of determining thermal conduct iv i ty  (Reference 2 3 ) .  The d a t a  

obtained from both methods from similar coa t ings  w a s  comparable as shown i n  

Figure 13. 

C. FLOX/PROPANE -- 5-TUBE TESTS 

The f lox/propane test w a s  designed t o  e s t a b l i s h  t h e  compa t ib i l i t y  

of t h e  thermal b a r r i e r  coa t ings  wi th  t h e  thermal and chemical environment of 

t he  exhaust  stream of a f lox lpropane  engine.  

The f l o x  tank w a s  i n s u l a t e d  and j acke ted  wi th  LN2 and t h e  ox id ize r  

2 l i n e s  t o  the  i n j e c t o r  were contained i n  i n s u l a t e d  troughs f looded wi th  LN 

before  and dur ing  t h e  tests. 

which w a s  a l s o  used f o r  t he  ox id ize r  purge.  The f l o x  composition w a s  obtained 

by f i l l i n g  the  c o r r e c t  p ropor t ions  of f l u o r i n e  and oxygen from t h e  p re s su r i zed  

gas b o t t l e s  p r i o r  t o  the  tests. 

The ox id ize r  tank was p res su r i zed  wi th  helium 

The propane tank  w a s  i n s u l a t e d  and jacke ted  wi th  LN and t h e  2 
temperature maintained by a d j u s t i n g  t h e  p re s su re  of t h e  LN 

p r e s s u r i z a t i o n  and purge gas was n i t rogen .  

The f u e l  2 '  

1. Combustor Components 

The combustor c o n s i s t s  of t h e  valves, i n j e c t o r ,  and combustion 

chamber. 

eva lua t ion  program. 

Two i n j e c t o r s  and two combustor chamber combinations were used i n  t h e  

a. A six-element water-cooled i n j e c t o r  (PN 1131125) w a s  

used f o r  t h e  f i r s t  s i x  test f i r i n g s .  

c o n s i s t s  of s i x  t r i p l e t s  (F-0-F) elements w i th  t h e  f u e l  o r i f i c e s  0.020 i n .  d i a  

The o ? i f i c e  p a t t e r n  of t h e  i n j e c t o r  
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V, C, Flox/Propane I- 5-Tube Tests (cont.)  

a t  an included angle  of  60 degrees.  The ox id ize r  o r i f i c e s  are 0.051 i n .  d i a  

and impinge a t  0.2 i n .  from t h e  i n j e c t o r  f a c e .  The use of t h i s  i n j e c t o r  was 

discont inued because of t he  low performance, 79 t o  83% c*. 

b. A 17-element i n j e c t o r ,  PN 709151-21, w a s  used f o r  t h e  

The performance wi th  t h e  i n j e c t o r  ranged frQm 86 t o  remainder of t h e  program. 

94% of c*. The o r i f i c e  p a t t e r n  i s  shown i n  Figure 14 and c o n s i s t s  of n i n e  

' t r i p l e t s  (F-0-F) and e i g h t  double ts  (O-F). The f u e l  o r i f i c e s  are 0.0177 i n .  
d i a  and t h e  ox id ize r  o r i f i c e s  are 0.0295 i n .  d i a .  The f a c e  of t h e  i n j e c t o r  

w a s  f a b r i c a t e d  from n i c k e l .  

C ,  The o r i g i n a l  chamber cons i s t ed  of a steel  case wi th  a 

1/2-in.-thick g raph i t e  l i n e r ,  2-1/4-in. I D  and 15 i n .  long. I n  the  50-sec tests, 

t h e  s teel  s h e l l  melted a t  t h e  s t e e l - g r a p h i t e  l i n e r  i n t e r f a c e .  To prevent  

mel t ing,  t he  steel s h e l l  w a s  wrapped wi th  copper tub ing  t 0  provide a water 

coolant  j a c k e t .  

rep laced  a f t e r  each test because of c racking .  

The g r a p h i t e  l i n e r  was wedged i n t o  t h e  chamber, and had t o  be  

The second chamber and t h e  one used wi th  17-element i n j e c t o r  

w a s  water-cooled wi th  water-cooled adap te r s  t o  hold t h e  i n j e c t o r  and t h e  nozz le  

(Figure 15). 
g raph i t e  chamber was used f o r  e i g h t  test f i r i n g s  wi thou t  cracking.  

The g raph i t e  extended the  f u l l  l eng th  of t h e  chamber. This 

The water-cooled nozz le  used f o r  a l l  of the  tests is  shown i n  

Figure 15. The nozzle  i n s e r t  w a s  f a b r i c a t e d  from Nickel  200 wi th  t h e  coolan t  

flow d i r e c t e d  a x i a l l y  wi th  water i n l e t s  a t  the  forward end and the  o u t l e t s  

r o t a t e d  90 degrees  a t  the  a f t  end. The t h r o a t  diameter  of t h e  chamber i s  

1.135 i n .  
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V, C, Flox/Propane -- 5-Tube Tests (cont.) 

Prior to using the flox/propane combustor, flow and heat- 

transfer analyses were made to establish the distance and angle of the coated 
specimen in relation to the combustor. ,The objective of this analysis was to 
establish a specimen position which would provide thermal and chemical environ- 
ments on the coating surface similar to thpt af the throat of the cowbustor. 

2. Exhaust Stream Flow Studies 

An analysis was conducted to define the angle at which the 

specimen must be placed in the gas stream. 
location is to produce exhaust species at the specimen surface similar to 

that at the throat. 
function of temperature and the temperature at the specimen surface can be 
controlled by the gas velocity at the specimen surface. 

placed at an angle to produce oblique shock in the supersonic stream of 
sufficient strength to reduce the Mach number of the gases to unity the same 

The purpose of the angular 

The theoretical exhaust gas species are primarily a 

The specimen must be 

as that at the throat. In establishing the angle, consideration was given to 
the flow separation because of the possibility of air entrainment. 

Under the test conditions of the combustor, the flow separa- 

tion occurs when the ratios of the nozzle wall pressurelambient pressure reduces 
to about 0 . 4 .  Since this is well within the test conditions, flow would 
separate well upstream of the nozzle exit resulting in the air entrainment and 

the contamination of the exhaust in contact with the specimen. 

Air entrainment was minimized by placing the specimen in the 

position as depicted in Figure 16. The deceleration o f  the gases impinging on 

the specimen should raise the pressure to a value considerably higher than the 

ambient. 
wedge would be minimized. 

Due to this pressure barrier, air entrainment into the separation 
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Figure 16. Gas Dynamic Tes t  Configurat ion of Coated Tube Bundle. 

Page 46 
s B 



V, C ,  FloxlPropane -- 5-Tube Tests (cont . )  

The method of p r e d i c t i n g  t h e  ang le  t h a t  t h e  specimen should 

be  placed is  depicted i n  Figure 17. 

a t  an area r a t i o  of approximately 2.5 w i t h  t h e  flow tu rn ing  from t h e  w a l l  a t  

an angle  of 15 degrees.  With these  i n i t i a l  condi t ions ,  t h e  angle  6 ,  t he  

specimens must make w i t h  the  nozz le  n e u t r a l  a x i s  w a s  c a l c u l a t e d  (Reference 24) 

t o  be 22 degrees ,  us ing  t h e  obl ique  shock equat ions  as follows: 

The p o s i t i o n  of s e p a r a t i o n  was e s t a b l i s h e d  

where : 6 = angle  of flow d e f l e c t i o n  ac ross  an  obl ique  shock 

0 = shock-wave angle  measured from upstream flow d i r e c t i o n  

y = r a t i o  o f  s p e c i f i c  h e a t s  

M = Mach number 

P = s t a t i c  p res su re  

q = dynamic head 

Subscr ip ts  : 

1 = r ep resen t s  condi t ions  p r i o r  t o  t h e  shock 

2 = r ep resen t s  condi t ions  a f t e r  t h e  shock 

The combustion products  making con tac t  w i th  t h e  test specimen 

were assumed t o  be similar t o  t h a t  a t  t h e  t h r o a t  because t h e  gas s p e c i e s  p r e s e n t  

are a func t ion  of t h e  temperature,  'but are r e l a t i v e l y  i n v a r i a n t  t o  changes i n  

pressure .  

t he  temperature of t h e  gases  ad jacen t  t o  t h e  specimen where t h e  Mach number 

i s  1.0 are t h e  same as a t  the  t h r o a t .  Thus, t h e  s p e c i e s  should be  similar as 

those  a t  the  t h r o a t .  

Since t h e r e  i s  no l o s s  of s t a g n a t i o n  temperature ac ross  t h e  shocks,  
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Figure 17. Model Used t o  P r e d i c t  Gas Conditions. 
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V, C y  Flox/Propane -- 5-Tube Tests (cont . )  

Due t o  the  unce r t a in ty  of p r e d i c t i n g  t h e  po in t  of s e p a r a t i o n ,  

t h e  a n a l y s i s  w a s  c a r r i e d  f u r t h e r  t o  determine t h e  inaccurac i e s  t h a t  would 

r e s u l t  from changes of t he  l o c a t i o n  of s epa ra t ion .  While s e p a r a t i o n  w a s  

p red ic t ed  t o  occur  a t  an area r a t i o  of 2.5, t h e  extreme boundaries  a t  which 

sepa ra t ion  could take  p l ace  are a t  area r a t i o s  of 2 and 3.5,  By cont inuing  

the  shock a n a l y s i s  f o r  t hese  boundaries and B = 22 degrees,  i t  w a s  found t h a t  

s e p a r a t i n g  a t  an area r a t i o  of 2 would r e s u l t  i n  a Mach number of approximately 

0 .7  over t h e  test specimen, wh i l e  s e p a r a t i n g  a t  an area r a t i o  of 3.5 would 

r e s u l t  i n  a Mach number of 1.25. 

enough t o  cause any apprec iab le  change i n  t h e  gas s p e c i e s .  

These Mach number changes are n o t  l a r g e  

It  wae, the re fo re ,  concluded from t h e s e  flow ana lyses ,  t h a t  

the  specimen should be placed i n  the  exhaust  stream i n  the  manner depic ted  i n  

Figure 1 7  w i th  6 equa l  t o  22 degrees .  This should r e s u l t  i n  a s o n i c  gas 

v e l o c i t y  (M=l) over  t h e  tubes and a gas composition i d e n t i c a l  t o  t h a t  a t  the  

th roa t .  The supersonic  gas  w i l l  s e p a r a t e  from the  nozz le  w a l l ;  however, a i r  

w i l l  no t  contaminate the  gases  i n  the  reg ion  of t h e  tes t  specimen due t o  a 

high-pressure b a r r i e r  i n  t h i s  region.  The i n a b i l i t y  t o  accu ra t e ly  p r e d i c t  t he  

loca t ion  of s e p a r a t i o n  w i l l  have very l i t t l e  e f f e c t  on t h e  gas condi t ions  over  

t he  tube bundle. 

3. Heat-Transfer Analysis  and Ca l ib ra t ion  Tests 

Heat - t ransfer  a n a l y s i s  w a s  made t o  c o r r e l a t e  s u r f a c e  tempera- 

t u r e s  of an uncoated specimen t o  f i l m  c o e f f i c i e n t s  t o  ensure  t h a t  t he  r equ i r ed  

h e a t  f l u x  would be obtained.  Heat f l u x  of 3 . 2  Btu/ in .  -sec and f i l m  

c o e f f i c i e n t  of 6 x loW4 Btu/ in .  -sec-'F were e s t a b l i s h e d  f o r  t h e  uncoated 

specimens i n  the  f lox/propane environment. 

h e a t  f l u x  f o r  a specimen p laced  a t  t h e  22 degrees  ang le  p o s i t i o n  e s t a b l i s h e d  

i n  the  flow a n a l y s i s ,  i s  shown i n  Figure 18. A s  shown, a s u r f a c e  temperature 

of 1150'F i s  requi red  i n  an uncoated water-cooled specimen t o  o b t a i n  the  

requi red  h e a t  f l u x  of 3.2 Btu / in .  -sec. 

2 

2 

A p l o t  of f i l m  c o e f f i c i e n t  versus  

2 
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V,  C ,  Flox/Propane -- 5-Tube T e s t s  (cont . )  

Ca l ib ra t ion  tests w e r e  conducted t o  e s t a b l i s h  t h e  specimen 

d i s t ance  from t h e  combustor and t o  measure t h e  h e a t  f l ux .  To o b t a i n  t h i s  

information,  a s p e c i a l  f l a t  c a l i b r a t i o n  specimen w a s  designed and f a b r i c a t e d  

(Figure 19)  cons i s t ing  of a r ec t angu la r  coolan t  channel  1/8 in .  deep by 

1 i n .  wide. 

O.OlO-in.-dia chromel-alumel-sheathed thermocouples were brazed i n t o  s l o t s .  

A carbon phenol ic  s h i e l d  wi th  a window 0.875 i n .  by 1-5/8 i n .  w a s  used t o  

provide a known exposure area f o r  measuring o v e r a l l  h e a t  f l u x .  The water 

coolant  temperature rise w a s  measured w i t h  the rmis to r s  placed i n  t h e  water 

i n l e t  and o u t l e t  p a r t s  of t h e  specimen. The temperature  d i f f e r e n c e s  along 

wi th  the water flow rate were used t o  e s t a b l i s h  h e a t  f l u x  and specimen 

placement. 

t h e  c e n t e r l i n e  of t h e  combustor, as shown i n  Figure  20. 

The gas-side f a c e  p l a t e  w a s  1/16 i n .  t h i c k  i n  which f i f t e e n  

The c a l i b r a t i o n  specimen w a s  p laced  a t  an ang le  of 22 degrees w i t h  

Three 5-sec c a l i b r a t i o n  test f i r i n g s  w e r e  made wi th  t h e  

instrumented c a l i b r a t i o n  specimen. The f i r s t  two f i r i n g s  w e r e  made a t  a 

nominal chamber p re s su re  of 100 p s i a  and t h e  t h i r d  w a s  made a t  a nominal 

p re s su re  of 120 p s i a .  A mixture r a t i o  of 4.5 w a s  used f o r  a l l  t h r e e  f i r i n g s .  

Surface temperatures of t h e  exposed area of the c a l i b r a t i o n  specimen increased  

f o r  t h e  f i r s t  2 see and then  remained r e l a t i v e l y  cons t an t ,  i n d i c a t i n g  s teady  

state had been reached, The s u r f a c e  temperatures ranged from 1100 t o  1390°F 
2 i n  a l l  t h r e e  f i r i n g s  which i n d i c a t e d  a h e a t  f l u x  range of 3 Btu / in .  -sec-'F t o  

about 4.2 Btu / in .  -sec-'F (Figure 18 ) .  This  range compared w i t h  t h e  p red ic t ed  2 

2 hea t  f l u x  of 3 . 2  Btu/ in .  -sec-OF. 

wi th  chamber pressure .  The d a t a  obta ined  from t h e s e  tests showed that t h e  

des i r ed  hea t  f l u x  and exhaust gas spec ie s  w e r e  ob ta ined  by pos i t i on ing  t h e  

specimen at a 22-degrees ang le  w i t h  t h e  f lox/propane combustor. 

Sur face  temperature  d id  not  vary s i g n i f i c a n t l y  

The carbon phenol ic  s h i e l d  eroded i n  the test f i r i n g  and a 

The poor performance of s e c t i o n  of about 1-1/8 i n .  by 1 / 2  i n .  w a s  e j ec t ed .  

carbon phenol ic  f o r  t h e  s h o r t  du ra t ion  i n d i c a t e d  t h a t  another  s h i e l d  material 

such as g r a p h i t e  was  requi red  f o r  t h e  f lox/propane coa t ing  eva lua t ion .  
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VI. THERMAL BARRIER EVALUATION 

The thermal barrier evaluation consisted of testing coated disc and 

5-tube specimens in the laboratory with final testing of coated 5-tube speci- 
mens in the exhaust of the flox/propane combustor. 

A. LABORATORY EVALUATION 

1. Disk Coupons 

The composition and coating thicknesses selected for the coupon 
tests are shown in Table VI. 
thermal shock resistance and thermal resistance of the coating. These tests 
were made on the stainless steel coated specimens by heating the specimen with 
a hydrogen plasma at a heat flux of 2.4 Btu/in. -sec-'F. 

used around the flame but was not effective at these low heat fluxes because 
the torch-to-specimen distance was long (2-3/4 in.) and good argon coverage 
was not obtained. 

The coupon tests were conducted to establish 

2 An argon shield was 

The thermal resistance values for the selected coatings in the 

disk coupon tests are shown in Table YI. The thermal resistances were low in 

specimens 5,  7 ,  9, 11, and 14, and reflect the high material losses of 30 mils 
or greater in these specimens. 
environment which was primarily air and does not reflect the compatibility of 
the coatings in the flox/propane environments. 
associated with the coating composition. 
(specimens 2 and 12) had low material losses, whereas coatings containing 
65% W or greater (specimens 5, 7, 9, 11, and 14) had material losses of 30 mils 

or greater. 

The high material loss was due to the test 

Material losses, however, were 
Coatings with 50% or less tungsten 

All of the coatings were subjected to thermal shock tests 

consisting of ten thermal cycles of 10-sec heating and 5-sec cooling. 
was not observed on any of the specimens. 

Cracking 
One of the coatings separated away 
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TABLE V I  

DISK COATING EVALUATION 

Coating 
Surface  

Composition, Thickness, Temperature, 
w t  % m i l s  O F  

1 4  

Zr02 44 

68% Zr02 - 32% Mo 

52% Zr02 - 48% W 

51% Zr02 - 49% Mo 

86 

78  

106 

120 

40% Zr02 - 60% Mo 140 

26% Zr02 - 74% W 135 

32% Zr02 - 68% Mo 166 

20% Zr02 - 80% W . 165 

25% Zr02 - 75% Mo 196 

16% Zr02 - 84% W 194 

45 
Nichrome 

2nd l a y e r  - 52% Zr02 - 48% W 

Nichrome 

2nd l a y e r  - 68% Zr02 - 32% Mo 

Nichrome 

2nd l a y e r  - 25% Zr02 - 75% W 

Nichrome 

2nd l a y e r  - 40% Zr02 - 60% Mo 

35% Zr02 - 65% W 

1st l a y e r  - 50% Zr02 - 50% 

1st l a y e r  - 50% Zr02 - 50% 

1st l a y e r  - 50% Z r O j  - 50% 

1st l a y e r  - 50% Zr02 - 50% 

30 

45 

25 

45 

50 

45 

46 

3850 

4340 

3950 

4250 

3350 

4080 

3560 

4140 

(a)  

4340 

3700 

3900 

4340 

2900 

4400 

Thermal 
Res is tance ,  

i n .  2-secoF/Btu 

1320 

1445 

1310 

1500 

1155 

1430 

1135 

1365 

1535 

1230 

1350 

1580 

900 

Material 
Loss,  
m i l s  

2 

6 

3 

4 

30 

5 

39 

6 

40 

6 

34 

5 

4 

35 

1515 5 

( a )  Coating separa ted  from d i s c  and r e l i a b l e  temperature could no t  b e  obta ined .  
JC Compositions s e l e c t e d  f o r  5-tube specimen i n  t h e  l abora to ry .  
*$; Compositions s e l e c t e d  f o r  5-tube specimen i n  f lox /propane  combustor. 
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V I ,  A, Laboratory Evaluat ion (cont . )  

from t h e  s t a i n l e s s - s t e e l  s u b s t r a t e  (specimen 9 ) .  I n  t h i s  test ,  t h e  coa t ing  

was cracked around t h e  circumference of t h e  specimen, p r i o r  t o  t h e  shock tests. 

During t h e  shock tests, t h e  backside of t h e  coa t ing  i n  t h e  area of t h e  c rack  

was no t  cooled, r e s u l t i n g  i n  overheat ing and subsequent mel t ing  a t  t h e  coat ing-  

d i s c  i n t e r f a c e  and sepa ra t ion .  A l l  of t h e  o t h e r  specimens withstood t h e  tests 

without  separa t ion .  

Photographs of t h e  d i s k  specimens, a f t e r  plasma t e s t i n g ,  are 

shown i n  F igure  21. Coatings from specimens 2, 3, 5, 7,  10 ,  11, 12,  and 1 3  

were s e l e c t e d  f o r  eva lua t ion  i n  t h e  plasma screening  tests of t h e  5-tube 

specimens. These compositions w e r e  s e l e c t e d  t o  provide Z r O  -Mo compositions 2 
ranging from 32% Mo t o  75% Mo, and Z r O  -W compositions ranging from 48% W t o  

84% W. 

t h e  e f f e c t  of t h e  nichrome i n  t h e  thermal b a r r i e r  s u b s t r a t e .  

2 
Gradated coa t ings  (specimens 12  and 13) w e r e  a l s o  s e l e c t e d  t o  eva lua te  

2. Plasma-Screening Tests - 5-Tube Specimens 

Coatings s e l e c t e d  from t h e  coupon tests were evaluated on t h e  

5-tube specimen i n  t h e  plasma flame i n  t h e  l abora to ry ,  us ing  t h e  same plasma 

torch  s e t t i n g s  as f o r  t h e  coupon tests. 

used. The plasma screening  tests cons i s t ed  of thermal shock cyc les  of 10-sec 

hea t ing  and approximately 5-sec cool ing  i n  an area of t h e  specimens and a 

50-sec test i n  an  area a t  t h e  o t h e r  end of t h e  specimens. The tube  specimens 

were water-cooled during t h e  tests. 

2 A heat f l u x  of 2.4 Btu/ in .  sec OF w a s  

The coa t ings  (Table VII) on a l l  specimens adhered throughout 

t he  tests without  evidence of f a i l u r e .  A 5-tube specimen, a f t e r  t h e  plasma 

tests, is shown i n  F igure  22. A l l  of t h e  coa t ings  contained cracks. The 

cracks  i n i t i a t e d  i n  t h e  areas exposed t o  t h e  flame and propagated i n t o  t h e  

unexposed areas. The cracks were predominately p a r a l l e l  t o  t h e  l eng th  of t h e  

tubes and were loca ted  i n  t h e  v a l l e y s .  Cracks t r a n s v e r s e  t o  t h e  d i r e c t i o n  of 
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TABLE V I 1  

Specimen No. 

1 T  

2T 

3T 

4T 

5T 

6T 

7T 

8T 

THERMAL BARRIER COMPOSITIONS SELECTED FOR 
THE 5-TUBE PLASMA SCREENING TESTS 

Composition, 
w t  % 

68% Zr02 - 32% Mo 

52% Zr02 - 48% W 

35% Zr02 - 65% W 

26% Zr02 - 74% W 

25% Zr02 - 75% Mo 

16% Zr02 - 84% W 

1st l a y e r  50% Zr02 - 50% Nichrome 

2nd l a y e r  52% Zr02 - 48% w 
1st l a y e r  50% Zr02 - 50% Nichrome 

2nd l a y e r  68% Zr02 - 32% Mo 

Measured 
No. of Thickness, 
Passes m i l s  

4 1  76 

30 78 

35 106 

38 137 

100 193 

47 198 

13 47 

10 33 

13 46 

16 25 

Page 58 

B i* L b 



3 

Page 59 



V I ,  A ,  Laboratory Evaluat ion (cont . )  

t he  tubes w e r e  observed i n  specimens T-4, T-5, and T-6. 

from the  o u t s i d e  s u r f a c e  and extended about halfway through t h e  coa t ing .  

The cracks propagated 

Metal lographic  examinations revea led  t h a t  a l l  of t h e  coa t ings  

were bonded t o  t h e  s u b s t r a t e  a t  t h e  tube  crown, bu t  were no t  bonded i n  the 

v a l l e y s ,  as shown i n  F igure  23. The unbonded areas appeared t o  be a s soc ia t ed  

wi th  br idging  of t h e  v a l l e y s  because of t h e  mechanics of t h e  coa t ing  process .  

Optimum bonded coa t ings  are obtained w i t h  t h e  plasma t o r c h  pos i t ioned  normal 

t o  t h e  s u b s t r a t e  su r face .  This  p o s i t i o n  i s  maintained i n  spraying  t h e  crown 

of t h e  tube bu t  no t  i n  the v a l l e y  between t h e  tubes .  When t h e  t o r c h  is n o t  

normal t o  t h e  s u r f a c e  (over t h e  v a l l e y s ) ,  p a r t i c l e s  rebound of f  the s i d e s  of 

t h e  tubes c r e a t i n g  a tu rbu len t  a c t i o n  which a f f e c t s  t h e  coa t ing  adherence.  

This l ack  of adherence has  been observed i n  t h e  T i t a n  program bu t  has  n o t  

a f f e c t e d  t h e  r e l i a b i l i t y  of the coa t ing .  

A l l  of t h e  coa t ings  withstood the  5-tube thermal shock 

screening tests. 

tests were s e l e c t e d  t o  provide information on the  e f f e c t  of coa t ing  th i ckness ,  

l ayered  coa t ings ,  W and Mo con ten t s ,  and t o  provide a comparison of compa t ib i l i t y  

of Mo and W coa t ings .  

f i r s t  f lox/propane tests w e r e :  

and two gradated coa t ings  c o n s i s t i n g  of 50% Z r O  -50% Nichrome top-coated wi th  

52% Zr02-48% W and 68% Zr02-32% Mo. 

Because of t h i s ,  t h e  coa t ing  compositions f o r  t h e  f lox /propane  

The coa t ing  compositions s e l e c t e d  f o r  eva lua t ion  i n  t h e  

(a) 25% Zr02-75% Mo, and (b) 16% Zr02-84% W ,  

2 

B. FLOX/PROPANE TESTS 

1. Combustor Performance 

A t o t a l  of 18 f lox/propane coa t ing  tests were made i n  t h e  

program. The f i r s t  s i x  tests were made wi th  a six-element i n j e c t o r ,  g raphi te -  

l i n e d  chamber, and a water-cooled nozz le .  The c* f o r  these tests ranged from 
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V I ,  B, Flox/Propane Tests (cont . )  

79 t o  83% of t h e o r e t i c a l .  U s e  of t h e  six-element i n j e c t o r  w a s  d i scont inued  

because of t h e  low performance. The 17-element i n j e c t o r ,  along wi th  a water- 

cooled chamber were then  used. The chamber w a s  l i n e d  wi th  ATJ g raph i t e ,  and 

the  same l i n e r  w a s  used f o r  a l l  t h e  tests wi th  only s l i g h t  e ros ion .  The e* 

performance ranged from 86 t o  94% of t h e o r e t i c a l  f o r  t h e s e  t es t s  using t h e  

17-element i n j e c t o r .  

Some carbon bui ldup w a s  observed on a l l  tests both on the  

chamber and nozzle  w a l l  and i n j e c t o r  face .  

i n j e c t o r ,  l a r g e ,  f l a k y ,  uneven carbon d e p o s i t s  occurred i n  t h e  chamber compared 

t o  t h i n ,  uniform depos i t s  when using the  17-element i n j e c t o r .  The carbon 

depos i t ,  i n  e i t h e r  case ,  w a s  s o f t  and f l aked  o f f  e a s i l y .  

I n  t h e  tests wi th  t h e  six-element 

2. Shie ld  Performance 

A s h i e l d  w a s  used i n  t h e  f lox/propane tests t o  prevent  gas 

flow along t h e  s i d e s  of t h e  coated tube  specimens, t o  p r o t e c t  the water i n l e t s ,  

and t o  provide a known exposed area so  t h a t  the bulk  temperature rise could be  

measured. The s h i e l d  w a s  pos i t ioned  i n  f r o n t  of t h e  specimen w i t h  a window t o  

provide the  impingement area. I n  t h e  f i r s t  tests (specimen T-131, a carbon 

phenol ic  s h i e l d  w a s  used. 

t o  1 in .  by 4 i n .  i n  only 10 sec of f i r i n g  t i m e .  Because of t h e  extreme 

reg res s ion ,  t he  remainder of t h e  tests were made us ing  a g raph i t e  s h i e l d  as 

shown i n  F igure  24. The g r a p h i t e  a l s o  regressed  due t o  t h e  s e v e r i t y  of the 

exhaust from about 1/2 i n .  by 2-1/4 i n .  t o  about 1-1/8 i n .  by 3-1/8 i n .  i n  a 

50-sec f i r i n g  as shown i n  Figure 25. The continuous enlargement of the window 

due t o  r eg res s ion  during t h e  f i r i n g  r e s u l t e d  i n  a continuous inc rease  i n  bulk  

temperature rise throughout t h e  f i r i n g .  The r eg res s ion  of the g r a p h i t e  a l s o  

r e s u l t e d  i n  exposure of t h e  specimen s i d e s  and back t o  t h e  flame. 

t h i s ,  t he  f i r i n g  du ra t ions  were reduced from 50 t o  30 sec and f i n a l l y  t o  15 s e c  

a t  which t i m e  t he  window s i z e  remained r e l a t i v e l y  cons tan t  throughout the 

f i r i n g .  

The window s i z e  increased  from 7 /8  i n .  by 1-5/8 i n .  

To prevent  
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VI, B, Flox/Propane Tests (cont.) 

In all of the tests a reaction occurred between the coating 
and graphite at the aft end of the window in the shield. In this area, a high 
heat-transfer condition occurred from turbulence due to the step in the window. 
A s  a result of the high heat-transfer condition, melting occurred in this area 
after only 5 se'c in specimen T-19 (molybdenum). 

window edge and coating regression measurements were only affected 1/2 in. up 
and downstream of this area. 

The melting occurred at the 

Specimen T-20B was evaluated with a modified shield to eliminate 
the high heat-transfer conditions. The shield modification consisted of elimi- 
nating the aft end of the window which would expose the aft adapter to the 
exhaust stream and probable burnthrough. The only function of the adapter was 
to provide an outlet for the water from the tubes; therefore, it was eliminated 
and the water allowed to exit in the exhaust stream. The regression rates of 
specimen T-20B were comparable to specimen T-20A which was tested with the 

original shield. However, the reaction between the shield and coating was 
avoided in using the modified shield. Specimens T-23 and T-25 were also tested 

with the modified shield without the indication of the reaction zone. 

3. Coating Performance 

The regression rate performance of the coatings is shown in 

Table VI11 and schematically in Figure 26. 
specimen (Figure 27) surface temperature ranges from 3000 to 3500'F with the 

atmosphere theoretically consisting of 57% HF, 25% CO, 10% F, and 8% H. The 
regression rate of the coatings in this environment decreased with an increase 
in tungsten or molybdenum content, 
with the pure metals. The regression rate of ZrC/C was 0.46 mils/sec (not 
included in Figure 26) and was similar to that of the tungsten and molybdenum. 
The regression rate for pure metals was approximately 0.4 mils/sec which is 
relatively high for liquid rocket engine applications. The high regression 

In the combustor tests, the coated 

The lowest regression rate was obtained 

Page 65 



$ * 
m 5 

Page 66 



c- W 

m co 

N 0 rl 

I 

OD m 

m 

Ln 

J 

5; 

Ln rl 

M 

H 
4 

0 m 

m 

I 

t- 

% 
rl 

I 

m m 

c: 

'? 

J 
I 

f 

t- rl 

m rl 

ln N 

H 
Page 67 



2.0 

1.5 

u 
a, s 
l-l 
.I4 
E 
.r 1.0 

E 
4 
v1 
v1 
a, 
$4 bo 
a, 
d 

0.5 

0 
1I 

Q W-Zr02 

0 

0 

0 

I I I I I 
% 20 40 60 80 100 

A1203 o r  
ZrO2 

Vol % of W o r  r\[o 

Figure 26. Regression Rate of Thermal B a r r i e r  Coatings.  
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V I  , B ,  Flox/Propane Tests (cont  . ) 

rate is p a r t i a l l y  a t t r i b u t e d  t o  ox ida t ion  from a i r  entrainment .  

reasoned because of t h e  severe reg res s ion  observed on t h e  g r a p h i t e  s h i e l d  

which would not  be p red ic t ed  because of t h e  good compa t ib i l i t y  of g r a p h i t e  

wi th  HF environments. In  ox ida t ion  environments, however, g raph i t e  r eg res s ion  

would be expected t o  be severe. 

This  is 

The mechanism of r eg res s ion  f o r  t h e  coa t ings  is a combination 

of bo th  chemical cor ros ion  and e ros ion  because of t h e  p o r o s i t y  i n  t h e  coa t ings .  

The plasma-sprayed coa t ings  are es t imated  t o  be  75 t o  90% dense,  r e s u l t i n g  i n  

cons iderable  po ros i ty  between t h e  sprayed p a r t i c l e s .  I n  opera t ion ,  t h e  coa t ings  

are a t tacked  a t  t h e  p a r t i c l e  boundaries  and t h e  p a r t i c l e  i s  l i f t e d  i n  t h e  

exhaust stream. The r eg res s ion  r e s i s t a n c e  of t h e  pure  m e t a l  coa t ings  could be 

improved by inc reas ing  t h e  dens i ty  of t h e  coa t ing  t o  95% of t h e o r e t i c a l  dens i ty .  

Resul t s  obtained from s o l i d  rocke t  motor f i r i n g ,  made w i t h  the  same highly  

oxid iz ing  p r o p e l l a n t  wi th  t h e  same s i z e  i n s e r t  revealed t h a t  t h e  r eg res s ion  

of molybdenum i n s e r t s  decreased from 5 .4  mil s / sec  f o r  65% dense,  t o  4.0 mils/sec 

f o r  75%, t o  0 r eg res s ion  a t  100% dense (Reference 25) .  

Cracking was observed i n  t h e  coa t ings ;  gene ra l ly  l o n g i t u d i n a l  

cracks were along t h e  v a l l e y s  between t h e  tubes and t r a n s v e r s e  cracks w e r e  

observed a t  t h e  edge of t h e  hea t ing  near t h e  s t e p  i n  t h e  window. The number 

and s i z e  of t h e  cracks increased  wi th  coa t ing  th ickness .  The cracks i n  t h e  

t h i n  mul t i l aye r  coa t ings  only propagated through t h e  top l a y e r s  whereas i n  

the  t h i c k  coa t ings  of one composition t h e  propagat ion of t h e  c racks  approached 

the s u b s t r a t e .  However, none of t h e  coa t ings  f a i l e d  due t o  cracking o r  s p a l l i n g  

even on t h e  specimens t h a t  were s u b j e c t  t o  several f i r i n g s  i n  the same area. 

Based on these. observa t ions ,  t h e  cracking observed i n  t h e  coa t ing  i n  t h e s e  

tests w a s  no t  expected t o  be de t r imen ta l  t o  m u l t i p l e  f i r i n g s .  S p e c i f i c  informa- 

t i o n  on each coated specimen is d e t a i l e d  i n  t h e  fol lowing paragraphs: 

R 
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V I ,  B ,  Flox/Propane T e s t s  (cont  . ) 

a. Specimen T-13 

The coa t ing  on t h e  f i r s t  5-tube specimen (T-13 

2 t o  t h e  f lox/propane environment, cons i s t ed  of 106 m i l s  of 35% Z r O  

Maximum coa t ing  l o s s  on t h i s  specimen w a s  1.8 mils/sec f o r  t he  10-see du ra t ion .  

The coa t ing  on specimen T-13 w a s  cracked i n  both t h e  t r ansve r se  .and l o n g i t u d i n a l  

d i r e c t i o n s .  The t r ansve r se  c racks  extended completely ac ross  t h e  specimen, and 

t h e  long i tud ina l  cracks w e r e  l oca t ed  i n  t h e  v a l l e y s  of t h e  coa t ing .  

and 65% W. 

b ,  Specimen T-9 

The coa t ing  on t h e  second specimen t e s t e d  (T-9) cons i s t ed  

Regression of t he  coa t ing  w a s  1.6 mils/sec of 199 m i l s  of 25% Zr02 and 75% Mo. 

f o r  a 50-sec f i r i n g .  

carb ide  i n  t h e  exhaust stream, which impinged on t h e  coated su r face .  I r o n  

carb ide  confirmed by X-ray ‘ d i f f r a c t i o n  a n a l y s i s ,  w a s  found on t h e  g r a p h i t e  

l i n e r  of t h e  chamber, t he  g raph i t e  s h i e l d ,  and on t h e  coa t ing  su r face .  The 

i r o n  carb ide  formed a t  t h e  i n t e r f a c e  of t h e  g raph i t e  l i n e r  and steel holder  of 

t h e  chamber. During t h e  f i r i n g ,  a e u t e c t i c  of t h e  carbon and i r o n  formed a t  

t h e  i n t e r f a c e  and flowed through cracks  i n  t h e  g raph i t e  l i n e r  i n t o  t h e  exhaust  

stream. 

t h e  th ickness  of t h e  g r a p h i t e  l i n e r  and by water-cooling t h e  o u t s i d e  diameter  

of t he  steel  holder .  

The high e ros ion  rate w a s  a t t r i b u t e d  t o  i r o n  and i r o n  

The molten i n t e r f a c e  w a s  prevented i n  f u r t h e r  f i r i n g s  by inc reas ing  

c. Specimens T-11 and T-12 

Specimens T-11 and T-12 w e r e  gradated coa t ings  c o n s i s t i n g  

of one l a y e r  of 47 m i l s  of 50% Z r O Z  and 50% Nichrome (Figure 28).  

l a y e r  of T-11 cons i s t ed  of 30 m i l s  of 52% Zr02 and 48% W ,  and i n  T-12 i t  

cons is ted  of 27 mils of 68% Z r O Z  and 37% Mo. 

The second 

The top  l a y e r s  i n  bo th  coa t ings  
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Magnification: 5X Neg. 14617 

Figure 28. A s  Deposited Gradated Coating Consisting of  an Underlayer 
of 50% ZrOZ and 50% NiCr, and Top Layer o f  52% W and 48% 
Zr02 (Specimen T-11) . 
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VI, B, Flox/Propane Tests (cont.) 

were completely eroded in 50 sec firings, preventing regression measurements. 
Based on the performance of other coatings containing ZrO 

are estimated at greater than 1 mil/sec. 
the regression rates 2' 

d. Specimens T-10 and T-18 

This coating (84% W-16% ZrO ) was tested to determine if 2 
coating performance was affected by the change in injectors. 
specimen T-10, which contained the same coating composition, was tested with 
the six-element injector and T-18 was tested with the 17-element injector. As 
shown in Table Y I I I ,  the regression rate of specimen T-10 was 0.8 milslsec for 
a 50-sec tests compared to T-18 which was 0.6 mils/sec for a 30-sec test. 
Transverse cracking obtained in this coating is shown in Figure 29 as typical 
of that found in the thick coatings. The graphite shield in the test firings 
showed considerable regression even though the firing time was decreased to 
30 sec. The window regressed from the original dimensions of 1/2 in. by 
2-1/4 in. to 1-1/8 in. by 2-3/4 in. 

Previously, 

e. Specimen T-14 

This coating was designed with a tungsten flame liner 
to be compatible with exhaust gas and underlayers to provide the thermal 
resistante. The regression rate on this coating was 0.4 mils/sec for a 30-sec 
test. The tungsten topcoat cracked in the exposed area and the corners of the 

tungsten curled, indicating the coating would not withstand refiring. The 
cracking and curling was due to the relatively different thermal expansion of 
the ZrO and tungsten. 
and for dense tungsten is 0.75%. This same relationship is believed to exist 
for the plasma-sprayed coatings which are estimated to be 75 to 90% of theoretical 
density. 

At 3000°F, the thermal expansion of dense Zr02 is 1.7% 2 
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V I ,  B, Flox/Propane Tests (cont ) 

f .  Specimen T-15 

This  specimen a l s o  had a tungs ten  flame l iner similar t o  

T-14, bu t  t h e  f i r s t  l a y e r  cons i s t ed  of 50% W-50% Zr02 t o  provide b e t t e r  thermal  

shock resistance and a b e t t e r  thermal expansion t r a n s i t i o n  than the  100% Zr02 

f i r s t  l a y e r  used i n  T-14. Less cracking  w a s  observed i n  T-15 than  i n  T-14; 

however, t h e  r e s u l t s  were not  c lear -cu t  because more r eg res s ion  occurred i n  

T-15. 

sur face .  

a f t  end of t h e  g r a p h i t e  s h i e l d  e j e c t e d  and burnthrough occurred i n  t h e  adapter .  

The h ighe r  r eg res s ion  w a s  due t o  water impingement on t h e  specimen 

The water impingement occurred a t  23 sec a f t e r  f i r e  switch when t h e  

g. Specimens T-16, T-17, and T-21 

These specimens were designed t o  show t h e  chemical 

compa t ib i l i t y  of A 1  0 
of W and Mo wi th  t h e  exhaust gas s p e c i e s .  The r eg res s ion  of a l l  t h r e e  coa t ings  

was severe  when compared t o  t h e  Z r O  metal mixtures .  Even wi th  t h e  h igh  Mo 

contents  (80%) i n  specimen T-21, t h e  r eg res s ion  rate w a s  1 .6  mils/sec revea l ing  

t h a t  oxide mixtures  are not  s u i t a b l e  f o r  t h e  f loxfpropane  exhaust gases .  

compared t o  Zr02 and t o  compare t h e  chemical compa t ib i l i t y  2 3  

2- 

h. Specimen T-19 

This  coa t ing  cons i s t ed  of a flame l i n e r  of molybdenum t o  

, provide compa t ib i l i t y  w i t h  t h e  exhaust stream. Undercoats of Ni-A1203 and 
2 Mo-A1 0 provided thermal r e s i s t a n c e  of 1200 t o  1300 in.-sec /Btu. A cross-  2 3  

specimen w a s  terminated a f t e r  5.3 sec because of a f i r e  a t  t h e  o x i d i z e r  

connector behind t h e  i n j e c t o r .  No damage occurred on t h e  test s tand.  

- s e c t i o n  of t h e  coated specimen is  shown i n  F igure  30. The f i r s t  f i r i n g  i n  t h i s  
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Magnification: 6X Neg. 15828 

Figure 30. Prefired Coating Specimen Consisting of 
Ni-Al203 Undercoats, and Volybdenum Topcoat 
(Specimen T-19). 
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V I ,  B ,  Flox/Propane Tests (cont . )  

Examination of t h e  coa t ing  a f t e r  t h e  5 .3  see revea led  

melt ing a t  the  a f t  end of t h e  window i n  the  s h i e l d  (Figure 3 1 ) .  This  mel t ing 

w a s  due t o  a h igh  hea t - t r ans fe r  condi t ion  i n  t h i s  area caused by the  s t e p  i n  

the,  a f t  window edge. The coa t ing  r eg res s ion  w a s  no t  a f f e c t e d  1 / 2  i n .  up and 

downstream from the  window edge, and r eg res s ion  measurements w i l l  be avoided 

i n  t h i s  area. 

The o t h e r  end of t he  specimen T-19 w a s  f i r e d  f o r  15 sec. 

A r eg res s ion  rate of 0.4  mils/sec w a s  observed f o r  a 15-sec f i r i n g  which w a s  

the  same as t h a t  obtained wi th  a pure tungsten l i n e r .  The molybdenum coat ing  

had a shiny melted s u r f a c e  probably due t o  t h e  formation MOO which m e l t s  a t  

1460°F.  
3’ 

The coa t ing  a l s o  contained many small  cracks.  

Metal lographic  examination of t h e  specimen T-19 revea led  

t h a t  d e n s i f i c a t i o n  occurred i n  the  Mo l aye r  during t h e  tes t  f i r i n g  (Figure 32). 

R e c r y s t a l l i z a t i o n ,  however, w a s  not  observed i n  t h e  molybdenum coat ing .  The 

layered  s t r u c t u r e  i s  due t o  deformation of t h e  molten molybdenum par t ic le  a t  

impact on t h e  s u b s t r a t e .  The unmelted pa r t i c l e s  were too l a r g e  t o  m e l t  wi th  

the  plasma condi t ions  used. 

i. Specimen T-20 

This  specimen w a s  similar t o  T-19 except t h a t  t he  flame 

The r eg res s ion  ra te  l i n e r  w a s  plasma-sprayed tungs ten  in s t ead  of molybdenum. 

on t h i s  specimen, using t h e  convent ional  s h i e l d ,  w a s  0.67 mi l s / sec  f o r  a 

15-sec test  wi th  no v i s i b l e  cracks i n  the  coa t ing .  

(Figure 33) revea led  t h a t  t h e  coa t ing  w a s  porous compared t o  t h e  molybdenum 

coat ing.  The porous s t r u c t u r e  w a s  less reg res s ion  r e s i s t a n t  than  a dense 

s t r u c t u r e  as shown i n  rocke t  motor f i r i n g s  wi th  nozzle  i n s e r t s  (Reference 25) .  

Metal lographic  examination 
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6X Neg. 15831 

Figure 33. Prefi red Coated Specimen Consisting of  Ni-A1203, 
Mo-A1203 Undercoats, and Tungsten Topcoat 
(Specimen T-20). 
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VI, B ,  Flox/Propane Tests (cont .  ) 

Specimen T-20 w a s  r e f i r e d  t h r e e  t i m e s  us ing  the  o the r  

end of t he  specimen and t h e  modified s h i e l d .  The t h r e e  f i r i n g s  cons i s t ed  of 

two 0.8-sec and one 15-sec dura t ion  tests. The 0.8-sec tes ts  occurred when 

the system w a s  s h u t  down automat ica l ly  because i n s u f f i c i e n t  chamber p re s su re  

w a s  recorded. Carbon bui ldup i n  t h e  tube from the  chamber t o  t h e  t ransducer  

caused erroneous p re s su re  pickup and the  automatic shutdown. The f i r e d  specimen 

i s  shown i n  Figure 34. 

and the  15-sec f i r i n g s  revealed no evidence of c racks .  

w a s  0.6 mils/sec f o r  t h e  16.6-sec test. 

Examination of t he  coa t ings  a f t e r  the  0.8-sec f i r i n g  

The r eg res s ion  ra te  

j .  Specimen T-23 

This  specimen cons i s t ed  of a flame l i n e r  of plasma-sprayed 

hypereutec t ic  Z r C / C .  The hype reu tec t i c  powder contained approximately 30 vol% 

excess carbon i n  the  form Qf g raph i t e  f l a k e s .  The hype reu tec t i c  w a s  used 

because of i t s  e x c e l l e n t  r e s i s t a n c e  t o  thermal shock (Reference 26).  The 

material w a s  pressed and c a s t  a t  Aero je t ,  and ground t o  -200 mesh f o r  p lasma 

spraying. The Z r C / C  w a s  sprayed wi th  a 2-112-in. torch-to-work d i s t a n c e  

in s t ead  of t he  4-in. torch-to-work d i s t a n c e  t o  minimize ox ida t ion  of t h e  

depos i t ion .  Even wi th  t h i s  added precaut ion ,  s m a l l  amounts of Z r O  were 

obtained i n  t h e  coa t ing  as evidenced by X-ray d i f f r a c t i o n  tests and metallo- 

graphic  examination. The mic ros t ruc tu re  of t he  Z r C  l a y e r  cxonsisted of Z r C  

wi th  s m a l l  amounts of C and Zr02. Z r C / C  powder wi th  added carbon would be 

requi red  t o  ob ta in  carbon-rich coa t ings  and coa t ings  f r e e  of Z r O  The under- 

coa t ing  w a s  t h e  same as t h a t  used f o r  specimens T-19 and T-20 except t h a t  a 

3-mil Mo l a y e r  w a s  used as a d i f f u s i o n  b a r r i e r  between t h e  oxide and Z r C .  The 

c ross -sec t ion  of t h e  as-sprayed specimen is shown i n  F igure  35. 

2 

2' 
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ZrC/C . 

L J  7 I 
Mo Interface r Mo A1qo, 

Magnification: 24X Neg, 15839 

Figure 35. Prefired Gradated Coating Consisting of Underlayers of 
Ni-A1303, !tlo-Al2O3, Mo Interface and Layer of  ZrC/C 
(Specimen T-23). 
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V I ,  B ,  Flox/Propane Tests (cont . )  

The specimen w a s  t es t  f i r e d  f o r  15 sec using the  modified 

s h i e l d .  

regress ion  on t h e  Mo and W flame l i n e r s .  

occurred 1-1/2 i n .  from t h e  forward edge of window i n d i c a t i n g  oxygen spec ie s  

i n  t he  exhaust.  Severa l  l o n g i t u d i n a l  cracks were observed i n  t h e  Z r O  l a y e r  

and a few transverse cracks  i n  t h e  Z r C / C  l a y e r .  

The r eg res s ion  rate w a s  0.46 mils/sec which w a s  comparable t o  the  

Evidence of t h i n  l a y e r s  of Zr02 

2 

k. Specimen T-25 
4 

I d  

87 

This  specimen cons i s t ed  of tungsten flame l i n e r  wi th  the  

same underlayers  as specimen T-20. The tungs ten  l i n e r  i n  specimen T-25 was 

sprayed by t h e  Material System Divis ion  of Union Carbide.  The d e t a i l s  of t he  

Union Carbide spraying process  are p r o p r i e t a r y .  Thei r  tungsten coa t ings  are 

est imated a t  85 t o  90% dense compared t o  an  es t imated  75 t o  85% f o r  s tandard  

p la sma  spraying processes .  A cross-sec t ion  of p r e f i r e d  specimen T-25 i s  shown 

i n  Figure 36 both a t  6 X  and 24X magnif icat ion.  The r eg res s ion  on the  specimen 

w a s  about 0.4 mil s / sec  f o r  a 15-sec f i r i n g  which w a s  i n  t h e  same range as f o r  

t h e  previous tungsten-coated specimens. To show s i g n i f i c a n t  improvement, den- 

s i t i e s  i n  t h e  range of 95 t o  100% may be requi red .  Cracking w a s  observed along 

the  v a l l e y s  i n  t h e  tube specimen as shown i n  Figure 37. Cracks propagated 

through the  tungs ten  topcoat  and terminated a t  the  undercoat.  Other coa t ings  

were not  adversely a f f e c t e d  by cracking of t h i s  type  i n  sus t a ined  f i r i n g  or  

under restart condi t ions .  
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Magnification: 6X Neg. 15834 

Tungs t e n  

Mo-A1203 Ni-A1203 
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S t e e l  Tube 

Magnification: 24X Neg. 15840 

Figure 36. Pref i red  Coated Specimen Consisting of Ni-A1203 and 
Mo-A1203 Undercoats and a Union Carbide W-Deposited 
Topcoat (Specimen T-25). 
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6X Neg. 15835 

Figure 37. Postfired Section of Tungsten Topcoated 
Specimen (Specimen T-25). 

J 
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V I I .  CONCLUSIONS AND RECOMMENDATIONS 

B 

11 

W ,  Mo, A1203,  Zr02, and Z r C  were s e l e c t e d  f o r  thermal b a r r i e r s  on the  

b a s i s  of a n a l y t i c a l  s t u d i e s  i n  which t h e  thermal and chemical environments were 

es t ab l i shed .  Plasma-sprayed thermal b a r r i e r  coa t ings ,  c o n s i s t i n g  of t h e  

s e l e c t e d  materials and app l i ed  w i t h  thermal r e s i s t a n c e s  of 1200 t o  1400-in. - 
sec-'F/Btu, were eva lua ted  i n  t h e  exhaust stream of a f loxlpropane combustor. 

Coating s u r f a c e  temperatures of 3000 t o  3500°F w e r e  a t t a i n e d .  

environment was apparent ly  more severe than a t  t h e  t h r o a t  of a chamber because 

of a i r  entrainment ,  as evidenced by t h e  severe reg res s ion  i n  t h e  g raph i t e  

s h i e l d .  Because of t he  a i r  entrainment, t he  r eg res s ion  d a t a  are not  d i r e c t l y  

r e l a t e d  t o  a c t u a l  service; however, t h e  d a t a  were adequate f o r  comparison 

purposes.  Even wi th  the  seve re  exhaust environment, r eg res s ion  rates of 

0 . 4  mil/sec were obtained wi th  flame l i n e r s  c o n s i s t i n g  of pure W ,  Mo, and Z r C / C .  

Regression rates increased  wi th  add i t ions  of t h e  ceramics A1203 and Zr02 t o  

the  flame l iners .  The b e s t  coa t ings  cons i s t ed  of a 3-mil-thick Nichrome 

primer,  w i th  a 10-mil l a y e r  of 20% Ni-80% A1203; and a 14-mil l a y e r  of 30% 

Mo-70% A 1  0 t o  provide the  thermal resistance. The flame l i n e r  f o r  t hese  

coa t ings  cons i s t ed  of pure  Mo, W ,  o r  Z r C .  

2 

The exhaust 

2 3  

Based on these  s t u d i e s ,  f u r t h e r  research  i s  recommended t o  improve coa t ing  

performance by r e f i n i n g  the  coa t ing  system and by eva lua t ing  t h e  coa t ing  i n  an 

environment r e p r e s e n t a t i v e  of a c t u a l  service. Coating ref inement  should be 

conducted t o  increase the  dens i ty  of t he  flame b a r r i e r  from t h e  p re sen t  88% 

t o  g r e a t e r  than 95% of  t h e o r e t i c a l  dens i ty .  Increased  dens i ty  r e s u l t e d  i n  

decreased r eg res s ion  rate i n  s o l i d  rocke t  motor f i r i n g s  made under con t ro l l ed  

condi t ions .  I n  these  la t ter  f i r i n g s ,  r eg res s ion  rates of 5 mi l s / sec  w e r e  

ob ta ined  wi th  d e n s i t i e s  of 65% dense tungs ten  compared t o  4 mils/sec f o r  

75% dense tungsten and zero r eg res s ion  f o r  100% dense tungsten.  I n  add i t ion  

t o  the  inc rease  i n  dens i ty ,  improvements i n  r eg res s ion  r e s i s t a n c e  of t h e  

tungsten coa t ing  are a n t i c i p a t e d  wi th  the  oxida t ion  r e s i s t a n c e  a d d i t i v e s  such 

as s i l i c o n .  It  i s  recommended t h a t  t h e  improved coa t ings  be screened  i n  

Page 8 7  



VII, Conclusions and Recommendations (cont.)  

the p re sen t  f lox/propane combustor. 

i ng  device t o  e v a l u a t e  thermal  shock r e s i s t a n c e  and t o  provide q u a l i t a t i v e  

da t a  on r eg res s ion  r e s i s t a n c e .  

environment similar t o  the  condi t ions  t h a t  e x i s t  i n  an a c t u a l  rocke t  engine.  

For these  tests, i t  i s  recommended t h a t  a r ec t angu la r  chamber be  used capable  

of exposing test panels  t o  the  combustion gas a t  the  t h r o a t ,  chamber, and e x i t  

This combustor w a s  va luable  as a screen-  

F i n a l  eva lua t ions  are recommended i n  an 

cone areas. 

4 
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